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CORVALLISPreface
Estuaries are the natural focal point for many industrial and recre-
ational activities; their uses should be recognized.We realize that
estuaries are the rearing areas for many marine animals and that land
fill and pollution have wiped out many estuaries on the shores of North
America.Many life forms and the valuable aesthetics of the remaining
estuaries of the Pacific Northwest are in danger.Thus, it is timely
to review the problems involved in the preservation and proper utilization
of the estuaries in this region.
Speakers were invited to address themselves to a wide range of
subjects some of a legal-political nature and others emphasizing
estuarine technology.Sessions were devoted to modeling, hydrodynamics,
sediment transport, the ecology of estuaries, state and national legal
policies and standards affecting developments of estuaries.It was
demonstrated that very competent talent exists in the Pacific Northwest
in governmental organizations, educational institutions, industry, and
consulting firms to effectively handle technical problems concerning
development and preservation of estuaries.However, the interactions
between local groups and governmental groups at all levels needs to
continue in order to effect needed standards and regulations to reduce
the complex conflicts of use of the coastal zone.
On the following pages appear the texts of papers delivered by the
invited speakers to this first Technical Conference on Estuaries of the
Pacific Northwest.Grateful acknowledgement is directed to those who
participated in the program and open discussions during the conference.
Additional conferences are being planned to be held on an annual basis
at Oregon State University to continue to promote greater understanding
of our Pacific Northwest estuaries.
Corvallis John N. Nath
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Oregon State University
1 would like to say a few words aboutthe importance I attach to
the subject that you are examining.The estuarian problems of the
Pacific Northwest clearlyare critical as far as the whole marinearea
is concerned.It is this relatively fragile band where theland meets
the sea that is critical for the entiremarine biota.Particularly
here in the Pacific Northwest and especiallyin Oregon so much of this
confrontation is brutal, involving rockyheadlands and spectacular
scenery that is elegant to look at but notvery useful for anything
else.It is the estuaries that make this joining ofland and sea
useful for the human beings that inhabitthe planet.
It is for this reason that itseems to me the coastal zone and
particularly the estuaries representa very important resource that
must be both preserved and protected.These two words, preservation
and protection, mean different things to differentpeople.I would
like to suggest that the word preservation mightbe more intended
to imply that there will be certain selectedareas in peculiar
locations which are so critical to marine life,or so important in
other respects or so valuable an economicresource that they should be
henceforth preserved without significant changefrom their natural
state.
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In other areas this is notfeasible if we are to make expected
use of our marine resources,but in these areas we should be surethat
we exercise appropriateprotective measures.In using the valuable
interface of land and the sea we do not sointact upon the estuaries
that they cease to be as valuable andsignificant as they otherwise
could be.Protection becomes a very essential ingredientfor long-
term use.
It seems to me that for at least a great manyof you in this room
today, these are the objectives that youseek in your respective organi-
zations.This is what the organizations that you arehere representing
are focusing their attentions upon.I might suggest that it seems to me
if we are to engage meaningfully in thisdual action of preservation and
protection that we need to do twothings.
One is we need to know a greatdeal more about the fragile interface
than we now know.There is, of course, massive researchboth biological,
physical, oceanographic that has beenaccumulated over time.It has been
my experience in a fewbrief months in Oregon that when thequestions have
arisen, when the public policy issueshave been raised that veryfrequently
the best answer that you couldgive to a concerned individual, or a group,
or a legislative assembly was:"We do not know."This, of course, is
not good enough of an answer;hence the expanded and continuingresearch
of all kinds, including engineeringresearch, is in my opinion an absolute
necessity if we are to achieve thedual goal of preservation andprotection.
It seems to me a second thing,that it is absolutely essentialthat
we must put thisknowledge to work.Knowledge unused is, as far as I am
concerned, knowledge that for allpractical purposes does not exist.
Unless someone is aware of itand it is put into some functional purpose
there is little reason for it tobe buried in the library.Hence in the
fields of planning, in the fieldsof organization and administrationand
enforcement of both statues andcodes, the availability ofinformation
of appropriate accuracy and theimplementation of appropriate planning
and procedures is a critical matterindeed.
2You are here to examine some of themost recent studies that have
been undertaken relating to estuarianproblems.You are here to discuss
some of the public policy issues this research and otherresearch is
bringing to us.You are here to examine what changes inprocedures and
policies and agency directives might be helpful.You are here probably
more than anything else to be with one anotherto share ideas in the
informal situation as wellas to listen to formal presentations.
I will not, therefore, consume further ofyour time except to say
that Iajri confident that this first conference cannot achievethe objectives
we seek.I would hope that this is not the firsttime I will be extending
greetings from this University, invitingyou to use our resources while
you are here, and encouraging your planninggroup to consider what will
be appropriate for 1972.
3The Potential of Physical Models to
Investigate Estuarine Water Quality
Problems
by
Henry Simmons
Assistant Chief, Uydraulic Division
Waterways Experiment Station
Army Corps of Engineers
Vicksburg, Mississippi
ABSTRACT
Four physical models of Pacific Northwest estuaries aredescribed.
These include the Columbia, Umpqua, Grays Harbor andTillamook estuaries;
in addition some discussion is given to San FranciscoBay, San Diego Bay
and New York Bay.These models have been verified to reproduce tides,
tidal and river currents, and salinities for prototypeconditions.Tests
of pollutant release and dispersion have been conducted tosimulate flushing
capabilities on these and other models.Salinity intrusion, navigation,
dredging and shoaling problems are typical of thestudies conducted on
these models.The theme of this technical conference ismanagement and planning
for water quality in the PacificNorthwest estuaries, and my particular
subject is related to the potential of physicalmodels for water quality
investigations.Possibly because the Pacific Northwestwas developed
and exploited by man at an appreciablylater date than were the Atlantic
and Gulf Coasts of the United States, and thushas not been exposed
to mai-imade pollutants for so greata period of time, much greater use
of physical models has been madeto date for water quality studies
in the Atlantic and Gulf Coast regionsthan in the Pacific Northwest.
This is no reflection on the potentials ofphysical models for such
investigations, but perhaps emphasizes thatmore needs to be done
before estuarine pollution becomesas critical in this area as in some
other regions of the United States.
At the present time four physical models ofPacific Northwest
estuaries are in existence at the U. S.Army Waterways Experiment
Station that have good potential forwater quality studies, and some
5of these have already been used to a limited extent for such purposes.
The oldest of these is the Columbia River model (Fig. 1) constructed
in 1962, which reproduces the lower 52 miles of the Columbia River
and adjacent offshore areas to linear scale ratios of 1 to 500
horizontally and 1 to 100 vertically.Following construction, the
model was adjusted carefully so that tides, tidal currents inboth
plan and vertical, and salinities in both plan and verticalagreed
closely with measurements made in the field for modelverification
purposes.The principal studies made to date in the Columbia River
model were concerned with navigation improvements and thereduction of
maintenance dredging quantities and costs, and in these respectsthe
model has contributed much valuable design data for bothengineering
and operations efforts by the North Pacific Division and thePortland
District of the Corps of Engineers.
In addition to these principal studies, a few supplementalstudies
have been made in the Columbia River model that weredirectly related
to water quality.In 1964, a series of tests was performed in coopera-
tion with USGS to gain some insight as to the rateof flushing of
pollutants released in the lower Columbia River and todetermine the
gross effects of upland discharge onflushing rate.Figure 2 presents
a summary of the results of two testsinvolving reproduction of a mean
tide, an upland discharge of 600,000 cfs, and therelease of simulated
contaminents(2 flourescent dyes) at mile 47 abovethe river entrance.
One dye tracer was released at strength offlood current, and the
second was released at strength of ebb current.The two graphs
in Fig. 2 show the concentrations in parts perbillion of the two
dye tracers as measured at middepth along thenavigation channel
centerline at high water slack of the tidal current attimes corres-
ponding to 2, 4 and 6 diurnal tidal cyclesfollowing release of the
tracer.The initial concentration of the dye tracers was100,000 ppb.
You will note that the peak dye concentrationobserved after two tidal
cycles was in the vicinity of river mile 12for the release during
1.1flood current and in the vicinity of river mile 6 for the release
during ebb.In the subsequent tidal cycles, most of the dye tracers
had moved completely out of the river entrance, and only very low
concentrations were noted in the lower twelve miles of the estuary.
Figure 3 shows the results of two similar tests except that the
upland discharge was reduced to 200,000 cfs.At four tidal cycles
following release of the tracers, peak concentrations of both tracers
were observed in the vicinity of river mile 18, and lesser but signifi-
cant concentrations were observed in the lower river 6 and 8 tidal
cycles after release.The results of these tests illustrate the
extremely rapid flushing rate that occurs in the Colujnbia River and
further illustrates the significance of the upland discharge on
flushing rate.For example, the tests with an upland discharge of
600,000 cfs showed that the peak concentration moved downstream some
35 to 41 miles in two diurnal tidal cycles, whereas the tests with
200,000 cfs indicated downstream movement of about 26 miles in 4 tidal
cycles.Thus, the rate of downstream movement of the peak concentration
at the lower upland discharge was less than half the rate for the
higher discharge.
In 1966, a series of tests was made in the Columbia River model
to determine the upstream limits of salinity intrusion at high-water
slack for a wide range of upland discharges.Figure 4 shows the
bottom salinity distribution in the estuary for conditions of a mean
tide and upland discharges of 400,000, 200,000, 120,000 and 40,000 cfs.
It may be noted from these data that upland discharge is a highly
significant factor in controlling the extent of saltwater intrusion.
The maximum penetration of salt water was to river mile 20 for a dis-
charge of 400,000 cfs, to mile 24.5 for a discharge of 200,000 cfs,
to mile 31.5 for a discharge of 120,000 cfs, and to mile 38 for a
discharge of 40,000 cfs.The probability of upland discharges in the
range of 40,000 cfs or less is fairly remote in the Columbia River,
but these tests illustrate the major advance of saltwater intrusion
to be expected should the discharge be reduced to or below that value.
7The Umpqua River model (Fig. 5) was constructed in 1966 to study
navigation and shoaling problems in the entrance to this estuary.The
model is built to linear scale ratios of 1 to 300 horizontally and
1 to 100 vertically and reproduces all of the tidal portions of the
Umpqua River and tributaries, along with adjacent offshore areas.
Portions of the Umpqua River and tributaries upstream from Reedsport
were bent into a labyrinth form to conserve space and reduce costs;
however, the cross sectional areas and the tidal prisms of these
streams were faithfully reproduced.The entire model has been verified
for tidal elevations and phases and, in addition, it has been verified
for velocity and salinity distribution in both plan and vertical from
the seaward ends of the jetties upstream to Winchester.No water
quality studies have been performed to date in the limpqua River model,
but the model has great potential for such studies if and when required.
There are no immediate plans to dismantle the Umpqua River model;
however, at some future date it is inevitable that the space now
occupied by this model will be needed so urgently for other models
that it will probably have to be destroyed.If there are water quality
studies planned for the Umpqua estuary that could be implemented by
model tests, serious consideration should be given to scheduling such
tests at the earliest practicable date.
The Grays Harbor Model (Fig. 6) was constructed in 1968 to study
a number of existing navigation and dredging problemsin the estuary
and to investigate the effects of possible future changes in channel
alignments, channel dimensions, and structures.This model is con-
structed to scale ratios of 1:500 horizontally and 1:100 vertically
and reproduces the entire estuary along with pertinent offshore areas.
Like the Umpqua River model, the upstream portions of the Chehalis
River and other tributaries are reoriented to conserve space and reduce
costs, but the significant characteristics of these streamshave
been preserved.The model has been carefully adjusted for tides, tidal
currents, and salinities throughout the entire estuary, making useofmeasurements made in the field especially for that purpose, and is
presently being used to investigate the effects of suggested modifica-
tions to the north and south jetties at the harborentrance on hydraulic
and other conditions in the estuary.
Some rather detailed water quality studies are planned during
the comprehensive testing program scheduled for the Grays Harbor
model, involving detailed studies of flow patterns and velocities,
salinity intrusion and salinity distribution, and flushingrates and
patterns throughout the estuary.Detailed data on these subjects have
been developed for existing conditions, and the basictests will be
repeated for conditions representing any major modificationto be
given serious consideration.Thus, direct comparison of the results
of such tests will define in detail the changesto existing water
quality parameters to be expected should the modificationsunder
study be selected for construction in the prototype.
Dye dispersion tests have been made using injection pointsat
opposite ends of the estuary.In the first, dye was released at mid-
depth in the Chehalis River near Cosmopolis, Washington,over a
complete 24 hr 50 mmtidal cycle at a rate equivalent to 25.5 mgd
and with an initial concentration of 10,000,000 ppb.In the second
test, dye was released at the bottom of the natural entrance channel
adjacent to the outer end of the south jettyover half a tidal cycle
at the rate of 92.7 mgd and with an initial concentration of 10,000,000
ppb.These tests were actually conducted simultaneously usingdiffer-
ent flourescent dyes.
Figure 7 shows plots of dye concentration inparts per billion
as measured at middepth along the navigation channel centerlineat
the times of high-and low-water slacks of the tidalcurrent for the
upstream dye release.Curves are presented for conditions at tidal
cycles 2, 5, 9, 12 and 16 after release of the dye.It can be seen
that the position of the peak concentration rapidly moveddownstream
to about station 40 at high-water slack and station 65 at low-water
slack, but the subsequent downstreammovement was quite slow.Similar plots for the downstream dye injection are presented in
Fig. 8.In this test the position of the peak concentration is not
very well defined, since the tops of the concentration curves are
rather flat.It can still be seen, however, that the initial upstream
movement of.the peak was quite rapid, whereas the subsequent downstream
movement of the peak was quite slow.The results of these tests illus-
trate the relatively slow flushing rate of Grays Harbor, especially
when compared with the Columbia River.
The fourth North Pacific estuary model at WES is the Tillamook
Bay model which was constructed in 1970 (Fig. 9).This model is built
to linear scale ratios of 1 to 500 horizontally and 1 to 100 vertically
and reproduces all of Tillamook Bay, the tidal portions of significant
tributaries, and pertinent offshore areas.The principal studies being
performed on this model are to investigate the effects of jetty and
channel modifications at the estuary entrance on hydraulic and shoaling
phenomena.However, supplemental studies are planned to determine
the effects of such modifications that might appear desirable on water
quality parameters throughout the estuary.
The model has been verified carefully for tides, tidal currents,
and salinities, and tests are in progress to study various alignments
and lengths for the new south jetty now under construction at the
entrance.Since significant scour has occurred off the end of the
completed jetty section, these studies are being extended to investi-
gate the effects of leaving temporary gaps in someportions of the
structure to minimize scour, then filling these gaps asthe final stage
of jetty construction.The water quality studies in Tillamook Bay
model are still in the future, since not even tentativedecisions have
yet been reached as to the jetty or entrancechannel plans to be
recommended for construction; however, when this point intime is
reached the water quality studies will be made to determinechanges
to be expected in tides, flow patterns,velocities, salinities, and
flushing characteristics throughout the bay as a whole.Should
10detrimental effects on water quality parameters be disclosed by the
results of such tests, in all probability the project design would
then be modified as necessary to minimize or eliminate such effects.
It might be worthwhile to note the existence of two additional
models of Pacific coast estuaries, although neither estuary is located
in the northwest.One is the San Francisco Bay model (Fig. 10),
located in Sausalito, California, and operated by the San Francisco
District of the Corps.This model was constructed in 1956 to study
navigation and shoaling problems in San Francisco Bay and to evaluate
the effects of the many saltwater barriers proposed for the bay at
that time.Within the past year or two, this model has been extended
to include the entire channel complex within the Sacremento San
Joaquin Delta, and it will be used in the future to study in detail the
effects of the comprehensive California Water Plan on water quality
throughout the delta and bay complex.The second model is the San
Diego Bay model (Fig. 11) located at WES.This model reproduces San
Diego Bay and adjacent offshore areas and has been used to study the
effects of possible second entrances to the bay on the hydraulic and
flushing characteristics of the bay.The results of water quality
studies performed in this model were reported in some detail in a
recent paper by Simmons and Herrmann presented at the FAQ Conference
on Marine Pollution in Rome, Italy, in December 1970.
As an exaiiiple of comprehensive use of a physical model in water
quality studies,I would like to summarize the results of a recently
completed study at WES concerned with proposed construction of a new
inlet across Sandy Hook Peninsula about 5 miles south of the entrance
to New York Harbor.The new inlet, known locally either as Shrewsbury
or Sandy Hook inlet, has authorized dimensions of 250 ft in width and
15 ft in depth at mlw.
The principal purpose of the new inlet is to provide a safer and
shorter route for recreation and charter boats between the Shrewsbury-
Navesink River complex and the popular fishing grounds lying offshore
11and to the southeast.Boats presently going to the fishing area go
north through Sandy Hook Bay, around the tip of Sandy Hook, thence
south to the fishing grounds.The authorized inlet would reduce
travel distance and time by more than 50 percent and eliminate the
need to pass through the rough waters of Sandy Hook Bay, thus
providing a much safer passage.
Before constructing the new inlet, it was considered essential to
know its effects on tides, currents, salinities, temperatures, and
the flushing characteristics of Sandy Hook Bay and the Shrewsbury-
Navesink River complex so that the effects of the project on environ-
mental factors throughout the area could be fully evaluated.Since such
effects could not be predicted with full confidence by analytical methods,
the U.S. Army Engineer District, New York, requested WES to conduct the
necessary physical model experiments to define the effects.
Two physical models were used for the studies.The first was an
undistorted 1:100 scale model (Fig. 12) of the area in which the new
inlet would be constructed, including appropriate portions of the
ocean and bay approaches to the inlet, and this model was used todefine
the hydraulic characteristics of the inlet, to study the details of
channel and jetty locations and dimensions, and to determine the amount
of wave energy that would be transmitted through the new inlet into
Sandy Hook Bay, with specific reference to the locations of marinas
near Highlands, New Jersey.The second model used was the existing
comprehensive model of New York Harbor (Fig. 13), constructed to linear
scales of 1:1000 horizontally and 1:100 vertically, which was extended
especially for this study to include the Shrewsbury-Navesink Rivers and
appropriate offshore areas.The comprehensive model was used to deter-
mine the effects of the new inlet on normal tides, hurricane surges,
tidal currents, salinities, temperatures, and the concentrations of
pollutants in the study area for various input sources of pollution.
The extended portion of the New York Harbor model was first verified
to insure that tides, tidal currents, and salinities observedin the
12field were faithfully reproduced.Once verification of the model was
established, tests to define the effects of the new inlet on each
environmental factor of concern were initiated.The procedure followed
involved two identical tests, made under the same carefully controlled
test conditions, except that one test was made for existing conditions
and the second was made with the new inlet installed in the compre-
hensive model.Therefore, direct comparison of the results of the two
tests established the effects of the inlet on the environmental factor
being investigated.
The results of the model tests have been summarized to providea
quich appraisal of the effects of the new inlet on various environmental
factors.Figure 14 shows the effects of the new inlet on average salini-
ties in the major compartments of the study area (Sandy Hook Bay,
Shrewsbury River, and Navesink River), and you will note that the maximum
change in average salinity amounted to about 0.3- parts per thousand.
Figure 15 shows the effects of the new inlet on normal tidesat
three locations in the study area, and it will be noted that normal
tides were relatively unaffected.Figure 16 shows the effects on water
surface elevations for a test involving reproduction of the November 1950
hurricane surge in the harbor.You will note that the maximum elevation
of the surge was no greater with the new inlet installed than for exist-
ing conditions, but outflow through the new inlet allowedsurge elevations
to drop slightly faster than for existing conditions.
Figure 17 shows current velocities overa complete normal cycle at
three locations in the model.You will note that current velocities
were not changed significantly by the new inlet, although the time
phasing of the current at a station near the new inletwas modified
slightly.This information, together with the tidal data in Figs. 15
and 16, show conclusively that the new inlet would not change existing
flow rates and volumes of inflow and outflow between Sandy Hook Bay and
Shrewsbury and Navesink Rivers.The control inflow and outflow remains
in the relatively small channel connecting Sandy Hook Bay withthe
13Shrewsbury and Navesink Rivers, and dredging of the new inlet would
not change this control section in any way.
Figure 18 shows the effects of the new inlet on the rate of change
in temperature in the study area for conditions simulating an upwelling
of cold ocean water off Sandy Hook,which is a fairly common occurrence.
You will note that the rate at which water temperatures decreased in
the study area because of such upwelling was essentailly the same with
the new inlet installed as for existing conditions, thus indicating that
the new inlet would have no significant effects on water temperature.
Three separate tests were made to evaluate the effects of the new
inlet on pollution concentrations in the study area.For the test data
shown in Fig. 19, a pollution source in Raritan Bay was simulated,
representing the effluents discharged from the Middlesex County Trunk
Sewer Outfall.You will note that pollution concentrations from that
source were lower in all three of the major water bodies of the study
area with the new inlet installed, thus showing that the new inlet would
reduce the influx of Raritan Bay wastes to the study area.Figure 20
presents the results of a similar test series, but simulating the major
sewer outfalls in Upper N.Y. Bay.You will note that, for this source
of pollution, concentrations in all three major water bodies of the study
area were increased slightly.Figure 21 presents the results of the
third pollution test series in which the local sources of pollution input
in the Shrewsbury and Navesink Rivers were simulated, and you will note
that, for conditions of these local sources, concentrations throughout
the study area were substantially reduced.
The reduction in pollution concentrations in the study area from
Raritan Bay source is attributed to the fact that tidal flow in and out
of the new inlet reduces the present exchange of flow between Lower
New York Bay and Sandy Hook Bay, and thus less of the polluted water of
Lower New York Bay is drawn into the study area.The increase in pollu-
tion levels in the study area from Upper New York Bay pollution sources
is attributed to the fact that pollutants from this source diffuse
14largely into the ocean, from which a smallpercentage of this waste
is then transferred to the studyarea by tidal exchange through the
new inlet.The substantial reduction in pollution in the studyarea
from local sources is attributed to the factthat pollutants flowing
out through the new inlet during ebb currents do not completelyreturn
during the subse4uent flood currents, and thus therate of flushing of
such pollutants is much faster with thenew inlet in place.In summary,
the new inlet would reduce pollution concentrationsin the study area
from two of the three principalsources, would slightly increase con-
centrations from the third majorsource, and the net effect on pollution
concentrations would be beneficial.
In addition to studies of environmental factorsjust described, the
two models were used to define the optimumdimensionsand alignment of
the navigation channel in the interests ofnavigation and maintenance;
to study various lengths, locations, and spacingbetween jetties at the
ocean end of the inlet in the interests of providing safenavigating
conditions for small craft; andto conduct tests to define the amount
of ocean wave energy that wouldpass through the new inlet and reach
critical locations along the Highlands shoreline.As a matter of inter-
est, it was found that wave energy passing through thenew inlet under
very severe wave action in the ocean produced maximumwave heights of
only 0.2 ft along the Highlands shoreline.
While time today would permit onlyavery brief presentation of
these test data in summary form, I would liketo emphasize that the
actual test data obtained from the modelwere very comprehensive in
nature.Tides, current velocities, and salinitieswere measured at
hourly intervals or lessover complete tidal cycles at many stations
throughout the study area, and current velocitiesand salinities were
measured at several points in the verticalat each station.In the
dye tracer tests simulating pollutants, surfaceand bottom samples
were obtained for analysis at well over 100 stationsin and adjacent
to the study area.Time exposure photographs showing surfacecurrent
15patterns and velocities were obtained at hourly intervals throughout
the tidal cycle in the new inlet and in all adjacent areas where flows
could be affected by the new inlet.All of these test data have been
furnished to Federal, state and local agencies concerned with the effects
of the inlet on the water quality.The significant point here, and the
one I would like to emphasize in conclusion, is that reliabledata
showing conditions as they now exist, as well as those to be expected
following construction at the new inlet, have now been developed and
are available to the environmental oriented scientists asthe basis for
making a sound evaluation of the impact of the new inlet on the total
environment.
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Some Numerical Modelsto
Pacific Northwest Estuaries
by
R. J. Callaway
Water Quality Office
Environmental Protection Agency
Pacific Northwest Water Laboratory
Corvallis, Oregon
ABSTRACT
Physical-chemical features of some Oregon and Washingtonestuaries
are discussed in relation to existing or potential pollution problems.
Available mathematical models of flow and dispersionphenomena are reviewed
and applications of a steady-state,a time-variable, and a box model are
presented.The effects of estuaries on oceans are illustrated viaexamples
on the Columbia River and Cook Inlet.
29INTRODUCT ION
This paper considers estuarine processes from the deterministic
viewpoint and emphasizes numerical solutions of differential equations
via the digital computer rather than the analog-hybrid or hydraulic
model approach.
It is recognized that the hybrid computer may prove highly useful
for large scale, multi-dimensional, diffusion problems especially
th
when these include norder kinetic reactions.The hydraulic model
will remain an extremely useful tool in a variety of situations
such as sediment loading, scour, etc.(See Fischer and Holley, 1971,
for a discussion of their use in dispersion studies.)
Briefly reviewed are some recent modeling efforts on two aspects
of the simulation of estuarine processes.These are:(1) the repre-
sentation of currents, and water levels, and (2) the representation
of diffusion and the local change of concentration due to currents,
diffusion, and source-sink terms.The source-sink terms represent
30waste loadings, bottom demands, growth-death rates, phytoplankton
grazing, etc., and are considered more in the light of ecological
modeling.Sets of coupled equations are necessary for dealing with
ecological processes and these must also include the two aspects
listed above; hence, while the modeling of the ecology of a system
is usually Iiighlydependent on the physical processes the reverse
situatIon is only rarely true.
Users who develop and apply models must be aware of the numerical
pitfalls involved in applying finite difference approximations which
are usually involved in the study of real-life pollution problems.
They must also be able to represent the fluid motion in complex
estuarine waters with its tidal currents and changing water levels;
i.e., the advection and diffusion processes which exist.The
simulation of these processes requires employment of numerical
technIques and consideration of stability and mass and momentum
conservation.This paper is directed mainly to the user although
numerital and fluid dynamical problems are also discussed.
A summary of the state-of-the-art for simulation of pollution
problems and controls in estuaries has been presented by Baumgartner
and Callaway (1970).Their paper was based on an assessment of
pollution control capabilities performed by the TRACOR Corporation
(1971) under contract to the Environmental Protection Agency.Emphasis
in the above papers was on deterministic models rather than on
empirical or stochastic approaches and should be examined for a general
view of present day estuarine modeling capabilities.
Estuarine-Riverine Zones
The commonly used definition of an estuary is that it is a semi-
enclosed body of water having free connection with the open ocean and
whose waters are measurably diluted by fresh water drainage.Some
of our Pacific Northwest estuaries, as will be shown, are completely
flushed out by fresh waters during periods of high runoff hence, under
31a strict application of the abovedefinition, should probably be
treated as tidal rivers when such conditions exist.
A large river system, such as the Columbia, has essentailly
three separate zones:(1) a saltwater portion which, for the Columbia,
penetrates a maximum of 20-25 miles upstream of the entrance,(2)
a freshwater, current reversal zone upstreamof the salt section
and, (3) a run-of-the-river section upstream of the latter zonewhere
current direction is always directed seaward butwhich might exhibit
vertical, tidally induced, oscillations, usually on theorder of
inches.The transition region between successive zones migrates
longitudinally and depends on source salinity, tide range andduration,
tributary and mainstream flow, and winds.For the Columbia, all
three zones have been modeled (Callaway et al., 1969).While the
simulation of such a large system results in a rather complexgrid
for the flow network it does simplify upstreamboundary conditions as
they may be held constant or allowed to vary with observedtailwater
elevations at upstream points (e.g., Bonneville DamfOr the Columbia).
The saltwater portion of a coastal river is significantfrom the
point of view of its ecological setting.The dynamics of this zone
are complicated by the factthat gravitational convection (see Hansen
and Rattray, 1965), due to the density differencebetween fresh and
salt waters, can set up circulation patternsthat are difficult to
simulate.The so-called 1-dimensional model imposes nohorizontal or
vertical deviations in velocity or salinity orpollutant.Slight
vertical changes in salinity (density) areenough to generate convec-
tion currents which will in turn modify thedistribution of a pollutant
in the estuary.It may be that this contribution tothe pollutants'
distribution is minor but the modeler mustbe aware of the existence
of such things if only to aid inunderstanding reasons for discrepan-
cies, if they occur, between modeland prototype.
32Flow Regimes
If an effluent is discharged to an estuary through a canal or
pipe it may approximate a point source.The discharge may be continu-
ous or periodic; the volume of flow and the mass of pollutant dis-
charged may vary at the same or different rates.The velocity of flow
and dimension of the orifice may indicate that the momentum of the
discharge will be enough to carry it some distance into the receiving
watersThe density difference between the effluent and the ambient
stream and the depth of discharge may also contribute to the path
the effluent follows before the ambient currents and turbulence
dominate the flow.
In general, three flow regimes exist (see Baumgartner and Trent,
1970):(1) a zone of flow establishment; (2) a zone of established
flow, and (3) a zone of drift flow.The first two zones are related
to the initial momentum and/or buoyancy of the discharged fluid
relative to the ambient fluid.If these zones are small in area it
may be possible to approximate them by denoting one or more of the
grid areas as sources-(assuming ambient conditions have taken over).
If the zones are dominant or the numerical grid unsuitable, then
models incorporating these features must be used.Typical of the
models which do this are those of Brooks (1959), Okubo (1967), and
Koh and Fan (1970).
33ADVECTION-DIFFUSION PROCESSES
Specialists in a given field often work around a surprisingly
few basic differential equations.In estuarine work we usually concern
ourselves with a fixed grid system and predict the local time change of
concentration of a substance.The concentration is presumed modified
in transit by advection and diffusion; the total amount in a closed
system remains constant unless it degrades naturally or is modified
by chemical or biological processes.
The so-called advection-diffusion (AD) equation can be written as:
(1 ' +u +v +w K --" --p-K --p-K---' = ES
Bt Bx y x'xx' ay' yy' 'zz'
where s = concentration of substance
u = velocity in the x-direction
v = velocity in the y-direction
w = velocity in the z-direction
K, KyK eddy coefficients
ES = sum of the sources and sinks
The terms containing velocity components make up the advective transport
part of the equation; terms with eddy coefficients make up the turbulent
transport.The source and sink terms define pollutant additions,
phytoplankton growth and death rates, etc.If more than one substance
enters into a reaction then two or more equations will be coupledthrough
feedback or feedforward mechanisms in the source and sink terms.
Difficulties exist concerning all the terms in the equation;
the physical processes are sometimes difficult to express asfunctions
and must be solved numerically (and usually separately) beforeinclusion
34in the equation.This can cause problems relating to the conservation
of mass in the numerical process and constitutesa large area of research
pursued by numerical analysts and fluid dynamicists.
Presently more intractable, however, is the role of thesource
and sink terms, both from the viewpoint of the experimentationneeded
to delimit certain coefficients and the non-trivial mathematical
representation of several interacting components inan ecological
chain.The TRACOR (1971) report should be referred to here fora
more thorough discussion of the above topics.
Recent Work on the AD Equation
Table 1summarizes the terms included insome, but not all, of
the numerical models of the AD process in estuaries.Such a represen-
tation can be misleading since theprograms for running the models
are usually easily expanded or modified to include extra phenomena.
For purposes of this exposition the documentationof the programs or
descriptive papers available to the authorwas examined in order to
make up the table.The progress indicated in the table inestuary
(and/or coastal) models is noteworthy.Starting from Stommel's steady-
state, first-order kinetics model, in the relativelycomputer-free times
of 1953 to Thomann's first computer model in1963 the expansion progressed
in the main, to a non-steady state, one-dayaverage, simulation of the
BUD-DO system of a very large, complex tidalriver.Two-dimensional
vertically integrated cases are now handled byLeenderts&s model
although by no means routinely.Although there is still much to be
learned in the vertically integratedcase, progress is even more
wanting in the representation of the verticaldistribution of currents
and pollutants.
35TABLE 1.SOME RECENT APPROACHES TO MODELLING
OF THE ADVECTIVE-DIFFUSION EQUATION
Local
I
Turbulent Transport Source-Sink and Remarks
+ u + v.+ -[KXJ_[Ky} = Author
Stomel (1953) V V First order kinetics. Vel. = Q/A.
Diffusion from salt conc.;
relaxation_solution.
O'Connor (1960) V V V Analytical solution. BOD-DO. Vel.
= Q/A.Diffusion as above.
Thomann (1963) V V V BOD-DO.First order kinetics.
(Jeglic, 1967) Vel. = Q/A.Diffusion via eddy
exchange_coeff.
Shubinski et al. (1965) V V V BOD-DO.First order kinetics.
Ve1. from cont. & momentum.
Diffusion from scale (depth) of
______________________channels.
Okubo (1967) V V
______________________
V I I Analytical solution.First order
decay.Includes_velocity_shear.
Callaway et al. (1969) 1 V I As in Shubinski;+ temp.Surface
heat_exchange.
Leendertse (1970) V V V I I Vel. from mom. & continuity. Diffu-
sion as a function of current
speed, friction, depth + wind-wave
relationships. Nth order kinetics.
DiToro et al. (1970) 1
_____
V
____________________
Box model of phytoplankton
dynamics. Michaelis-Menten
kinetics.
hankar and Masch V I I .1 Vel. terms based on Reid-I3odine
197O) model. Conserv. distribution.
Fisher (1970) V I V I I 2-0 hydraulics by Leendertse
model; 1-0 by characteristics.
First order kinetics.Diffusion
by attempt to incorporate shear
in 2-D program.One point should be made in relation to theway equation 1and
the Table express the advective transport.Any correct method of
solving a given equation should lead to thesame answer.Unfortunately,
some seemingly correct finite difference approximations of the continuous
processes assumed in the equations can badly represent the intent of
the approximation.. Illustrative examples aregiven byCrowley (1968)
who has shown the improvement in theuse of fourth-order over second-order
approximations (referring to the Taylor series truncation) andmore
significantly, improvement in using the conservation form of theadvection
equation.The latter consists in writing the equation:
(2)
Bs+ u-- +v---=o Bx By
as
Bs B(su) B(sv) Bu+ =0 (3)
Bx By s(---
The gain in accuracy is due to the fact that theformer equation does
not necessarily conserve mass during the iterationprocess; neither
does the latter (exactly) but it is much betterbehaved.This topic
has been discussed rather extensively byLeendertse (TRACOR, 1971);
he has also treated the numerical problems involvedin both the hydraulic
and AD equations.
37HYDRAULIC EQUATIONS
The velocity terms in equation 1are usually computed independently
at short time intervals (seconds to minutes), output to a disc or tape
and then averaged over a longer time period.The average values (minutes)
are input to the equation upon demand.Diffusion terms are expressed
as functions of a characteristic scale, as functionsof the variance
of an observed spreading of material, as a random process, etc.As
the advection process is more closely approximated at shorter time
intervals the magnitude of the diffusion term becomes less--relative
to the advective transport process--and can sometimes beneglected.
Table 2 shows terms in the x-direction equation of motion.As in
the table before, some recent reports concerning computationof the
velocity terms have been examined as to the assumptionsimplied by the
terms included or excluded.This is not represented as a complete
summary; it is meant to relate toinvestigations whose primary objective
was for use in estuaries or whichhave since been modified for such use.
Trouble arises in the explicit methods of solution(marching methods)
because of the short time periods required to ensurestability and the
general problem related too in the AD equationconcerning mass
conservation.In this case momentum conservation can be violatedresulting
in abnormal velocity and water transport volumes.These problems are
quite real but can be modified by judiciousselection of computing
schemes, such as the alternating directionimplicit scheme of Leendertse
(1970).
All of the methods above revolve aroundthe primitive equation of
motion except for Okubo's.(The continuity equation has to be solved
38TABLE 2
EQUATION OF (X-DIRECTION) MOTIONEMPLOYED BY
VARIOUS RECENT INVESTIGATIONS
Author
Inertial Convective Potential Coriolis(BottomFrictionWind ViscousIAtm. Pressure
U U
+ g - fv guv'u+v
=F
+u5-- v
x C (hd) x
2u
+
o
Hansen, W.'(l962) / / V' / / /
Shubinskiand
Scheffey '(l966)
1 / I, KluIu-" 5/
Leendertse (1967) / / 1 / 1 /
Reid and Bodine
(1968) / / / /
Masch, et al. (1969) / / / / /
TRACOR (In Press) ,/ / vi / /
-"Multi-levelmodels in preparation
.?iHasbeen included in large-scale grid models
1Quas1-2-dimensional
-'Manningrepresentation rather than de Chezy
1Hasbeen incorporated in other versionsin conjuction with the finite difference approximations.Okubo's is
an analytical solution.)Okubo has included lateral and vertical
shear in the x-direction velocity term, prompted by the fact that dye
releases are usually observed to elongate in the direction of the current
rather than spread radially about the center of mass.Inclusion of the
velocity shear terms enables one to more nearly simulate instantaneousand
continuous source releases (Okubo and Karweit, 1969).As have many
things, the original work on the importance of shear(Saffman, 1962)
was generated by meteorologists.They have an unfair advantage, of
course, in that their observations aresinfully easy to obtain and
reproduce compared to oceanographic measurements.This has resulted
in their making relatively great advances in enteringthe 3-dimensional
space domain by employingmulti-level, global , models of circulation.
40FEATURES OF SOME OREGON-WASHINGTON ESTUARIES
Burt and McAlister (1959) reviewed the hydrography of Oregon estuaries
and classified them on the basis of their vertical salinity profiles.
Hansen and Rattray (1966) have classified estuarieson the basis of
circulation and stratification parameters at given cross-sections of
an estuary.Dimensionless ratios of net surface current to mean
freshwater velocity (u5/Uf) and top-to-bottom salinity difference
(S/S0) are used to exhibit the physical significance of different
systems.
Figure 1shows the classification in terms of the above ratios.
The examples given by Hansen and Rattray are replotted withan abbreviated
description of the different types (1-4).West coast waters shown are
the Columbia (C); Straits of Juan de Fuca (JF); and Silver Bay,Alaska (5).
A point for the Yaquina River (Y) at mile 14 has been added to the
graph from data collected by the author.The Yaquina data were taken
during a 25-hour survey; the stratification parameter equals 0.12, andthe
circulation parameter is 1.64.The coordinates of the point place the
estuary at this river mile, at this time, in type ib,a case of
"...appreciable stratification."The nearly vertical line of dots
through the point was obtained by computing individual hourlycirculation
and stratification parameters in order to obtainan idea of the range of
values that might be expected under the prevailing conditions.As can
be seen, the dots extend into higher stratification values(as shown by
an increase in SS/S0) and also range into type la ".. .the archetypical
well-mixed estuary in which the salinity stratification isslight...
Vertical profiles of salinity and current (used in computingthe
above parameters) and dissolved oxygenare given in Figure 2a which shows
41I,"
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43periodic stratification of salinity (and oxygen) in the first eight
hours followed by well-mixed conditions for the remainder of the time.
Oxygen stratification is apparent at the same time but the gradient is
directed upward rather than downward as shown at about 1500 hours.If
salinity were expressed in terms of the amount of freshwater rather
than saltwater, the gradients would be in the same direction; more
important, however, is the fact that contours of different substances
will rarely be matching.A description of this type of disparity is
impossible to rectify by conventional mathematical models and recourse
must be made to models that incorporate terms--aside from diffusion--
to at least account for photo-synthesis and respiration.The discrepancy
is put into perspective by noting that sources of freshwater and
oxygen, e.g., are distinctly separate mechanisms.The freshwater
source is upriver while atmospheric oxygen can be supplied locally
at the surface by reaeration and from within by photosynthesis.The
sinks are also different, freshwater decreasing by seepage through
the bottom and evaporation while oxygen decreases primarily by within-
stream BOD, respiration and bottom demand.
The use of 1-dimensional, longitudinal models implies that the
estuary is well-mixed vertically and laterally.(See Ward and Fischer,
1971, for additional comments on the limitations of 1-dimensional
models).The Yaquina is well mixed part of the time, but averaged
over a tidal cycle it still exhibits stratification.In general,
increasing the period of averaging serves to smooth out intra-tidal
fluctuations.This rationale has been employed in order to average
out diurnal tidal fluctuations in some models, primarily for ease
of computation and to keep the problem within computing bounds.The
44above example shows that an anomalous condition can obtain; namely,
a short-term average and computing interval would well suit 1-dimensional
qualifications while a long-term average would put the system into
the partically stratified calss.Borderline cases such as the above
are not all that rare and pronouncements of 1-dimensionality should
be made cautiously.
Figure 2b shows vertical profiles of salinity and current speed
at river mile 8 in Coos Bay.Coos Bay at this time lies well within
class la; profiles are of the modeler's dream-come-true variety
exhibiting very little variation from top to bottom.There is no
guarantee that the well-mixed condition applies to the whole estuary
all the time and it is again emphasized that a well-mixed salinity-
velocity profile by no means ensures a well-mixed oxygen, nutrient,
plankton or any other profile.If the pollutant or substance under
study enters the estuary from the ocean or river end of the estuary
in the same manner as the salt or freshwater and behaves in the same
fashion, then its prediction can be assumed to be as assured as the
salt distribution.If on the other hand, the substance interacts
within the estuary or is subject to conversion to other forms then
these mechanisms have to be modeled.In the latter case, coupled
sets of equations will need to be used.The point to be made here
is simply that one should be aware of the fact that one man's well-
mixed condition may be another man's stratification.
Figure 3a presents data collected by the author at river mile 2.3
in the Umpqua estuary during a period of high runoff.The latter
condition is exhibited in the salinity profile as a complete flushing
of the estuary from about 0800-1300 hours followed by a rapid influx
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46of salt in along the bottom to about 28 ppt.The surface speeds
associated with buildup of freshwater were in excess of 4-5.5 fps
decreasing to 1.5 fps at the bottom during the ebb cycles.The flood
speeds were somewhat less with the maximum speeds being located at
depth.This was also a period of upwelling; the two flood cycles
brought in water low in oxygen at depth, some 7-8 mg/i less than
that in the surface.Mathematically modeling this sort of condition would
obviously not be a trivial exercise, although two-layer modeling is
now being carried out (see, e.g. Vreugdenhil, 1970).
Finally, data for the Columbia River at river mile 5 are shown
in Figure 3b.This again typifies high runoff conditions although at
this river mile complete flushing does not occur as in the Umpqua
example.Similar features are apparent, however, such as the submerged
velocity peak on the flood cycle and surface maximaon the ebb.The
duration of the ebb cycle is greater than the flood, the difference
becoming less disparate with depth i.e., ebb begins earlier in the
surface layers and ends later.
In summary, it should be stated that 1-dimensional models of
hydraulic phenomenon are rather well developed.Amplitudes and
phases of tides may be represented rather faithfully but this inno
way ensures that the pollution problems associated with the dispersion
of an effluent is reproduced in any such satisfying fashion.This
is mainly due to the fact that most non-conservative substances
usually show some degree of stratification, especially when surface
boundary conditions are in effect and when interactions withinthe water
column and at the sediment-water interfaceare likely to occur.
47TIDES AND CURRENTS AS BOUNDARY CONDITIONS
Tidal information is of interest in the modeling of estuarine
pollution problems for a number of reasons:(1) tidal heights or
currents are sometimes required as natural boundary conditions;
(2) the tide range provides an indication of the amount of energy
available for mixing--being proportional to the square of the range;
(3) local tidal heights determine the amount of water available for
dilution; (4) the excursion of pollutants depends on the range and
duration of the ebb and flood tides; (5) in conjunction with (2)
above, the vertical salinity profile can be determined in advance
given the runoff and tidal prism.
Information on tides in the Yaquina, Alsea, Siletz and Coos
estuaries has been presented by Neal (1966), Goodwin, et al. (1970),
and Blanton (1970).
Prediction of tidal heights by harmonic analysis is well-established;
discrepancies from predicted heights occur due to storm surges
and freshets due to local precipitation.Tidal current prediction
is less well-behaved from the viewpoint of predictability (asexemplified
by ESSA publications); unlike heights they are subject to cross-stream
variations and are also markedly affected by winds, local runoff
conditions.Both currents and heighths are affected by channel
modi fi cati ons.
Prediction of tidal heights and currents becomes lesscertain
with distance upstream as the damping effect of the estuarybecomes
less dominant.The linearized equations of motion, or the equations
where the non-linear terms are neglected altogether, maybe quite
adequate in the ocean or coastal regions, butdefinitely cannot be
48employed in shallow water cases where topographic effects, friction
and the Bernoulli acceleration govern the shape of thewave.
Of the three general methods (the harmonic, characteristic,or
numerical method) of solving the equations of tidal motion, the
numerical scheme is probably best suited for incorporating variable
river flow inputs, winds and irregular topography; the examples given
later utilize the numerical scheme.
Ti dal Consti tuents
First of all, consider the tide generating constituents if only to
provide a basis for correctly specifying the tideas a boundary condition.
Tidal constituents are the result of trying to account for
perturbations in the orbits of the sun and moon.Each constituent
represents, in effect, a miniature planet revolving about the earth
exerting an attractive force on the earth's water surface.At any
given prediction station the constituent is expressedas a periodic
sinusoidal elevation of the surface and has an associated amplitude,
period and phase; these terms are computed by harmonic analysis of time-
series data.The synthesis of the harmonic constituents with reference
to a specific datum gives the local tide height; prediction tables
usually report the time of high or low water and the water level and
the times of slack waters and maximum ebb and flood speeds.
The principal constituents are designated as M2, S2, N2, K1, 01,
P1, etc., where the subscript () refers to the diurnal and the(2)
refers to the semi-diurnal nature of the constituent.The relative
amplitude of the various constituents determines the type of tide that
will occur, i.e., whether it will be semi-diurnal with two nearly equal
49highs and lows per day or "mixed" with unequal highs and lows, or
"diurnal" with only one high and one low per day.
In Table 3, constituent amplitudes, H, phase angles, K, and
mean tide level elevations are given for Oregon-Washingtonports-'.
Also shown is the ratio (K1 + O1)/(M2 + S2)-1; for values of this ratio
less than 0.25 the tide is semi-diurnal; between 0.25 and 1.25, it is
mixed.It is diurnal for ratios greater than 1.25.It can be seen
that the coastal ratios all indicate mixed tides.In the approaches
to Puget Sound, however, the ratio indicates diurnal tides as is shown
as an example for the Friday Harbor station.
Abstracted from U. S. Coast & Geodetic Survey data supplied by LCDR
L. Swanson, NOA.A.
The ratio (K1 + 01)/M2 is sometimes used.
50TABLE 3
Tidal Constituents - Oregon-Washington Coast
Place and Position Constant K1 O P1 Qi M2 S2 N2 K2 M M6
Z0
ft.
K1 + 0
M2+S2
Crescent City, Ca. H (ft) 1.2760.7850.3860.1452.3340.5790.5000.1450.0060.008 3.7 0.708
41 °45'N
124°12'W k0 (deg) 104 088 100 080 323 343 297 329 052 303
Brokings, Or. H 1.3190.8080.3970.1352.3990.6150.5120.1580.0030.009 3.7 0.706
42 03'N
124°17'W k0
103 088 097 081 325 346 298 344 286 243
Port Orford, Or. H 1.4020.8660.4130.1522.4510.6250.5150.1600.0050.005 4.0 0.737
42°44'N
124°30'W k0
107 091 103 083 328 351 303 348 045 298
Bandon, Or. H 1.2210.7620.3720.1302.4040.6130.4960.1560.0110.009 3.6 0.657
43°07'N
124°25'W k0
112 098 109 095 335 000 310 351 244 299
Coos Bay, Or. H 1.1480.6580.3150.1102.4330.5360.4360.1520.1470.094 4.0 0.608
43°23'N
124°13'W k0
137 124 137 132 019 055 003 044 227 068
Gardiner, Or. H 1.1760.6810.3230.1142.3220.5230.4450.1670.0590.034 3.6 0.653
43°44N
124°07'W k0
131 117 130 126 008 040 346 020 245 063
Florence, Or. H 1.1620.6480.3120.1012.2200.5170.4220.1550.0330.024 3.5 0.661
43°58'N
124°06'W k0
128 115 124 125 003 034 344 018 255 041TABLE 3 (Contd)
Tidal Constituents - Oregon-Washington Coast
Place and PositionConstant K1 01 P1 Qi M2 S2 N K2 M M6
Z0
ft
K1 + 0
M2+S2
Waldport, Or. H (ft) 1.3140.7730.3870.1212.6070.6690.5160.1810.0440.047 4.1 0.637
44°26'N
124°O4'W k0 (deg) 121 105 118 104 354 023 331 017 193 348
Newport, Or. H 1.3860.8430.4260.1412.7780.7280.5660.1900.0440.021 4.3 0.636
44°38'N
124°03'W k0
116 100 110 093 347 015 323 012 115 291
Astoria, Or. H 1.3260.7980.3460.1303.1290.7460.5860.2160.054 - 4.5 0.548
Youngs Bay
k0
130 116 125 115 012 044 348 027 294
46°1O'N
123°51 'W
Raymond, Wn. H 1.4050.8280.4170.1373.5030.9020.6860.1920.1330.106 5.3 0.507
Willapa R.
46°41'N k0
133 118 128 122 016 049 353 035 193 041
123°45'W
Take Point, Wn. H 1.3830.8410.4300.1543.1470.8130.6350.2350.0590.033 4.7 0.562
Willapa Bay
46°42'N k0
127 111 122 105 006 036 340 024 196 034
123°58'W
Aberdeen, Wn. H 1.3360.7900.3940.1453.4180.8560.6720.2520.1680.134 5.6 0.497
46°58'N
k0
132 118 130 115 015 052 353 049 242 061
123°51'W
Friday Harbor, Wn. H 2.4631.4130.7680.2311.8270.4230.3940.1140.0630.010 4.6 1.723
Oceano. Lab. k0 157 136 156 126 125 151 097 162 351 228STEADY STATE MODELS
Deterministic models of the environment are either steady-state
or time-varying, the steady-state assumption implying no time change
term in the AD (or hydraulic) equations.The effluent is discharged
at a constant rate, and has come into equilibrium with the receiving
waters; freshwater inflow and other characteristics of the environment
are also steady.The topography of the estuary can be modeled quite
closely, e.g., tide level cross-sectional areas can be incorporated to
show the irregular nature of the geographic setting.However, the
effect of tidal height variations on cross-sectional areas (hence,
water volume changes) and tidal current fluctuations cannot be modeled
here except by repeated application of the steady-state case, in which
case there would evolve a process of simulation.The upstream distribution
of an effluent from its source is provided for by a form of exchange
coefficient.Simulation of various reaction rates, river flows, diffusion
and reaeration rates is a logical extension of the steady-state assumption
and perhaps the best justification for its use, since the expected
range of concentration of a given pollutant can be easily explored.
Input information to a complex area can be obtained from existing
hydrographic charts, flows can usually be extracted from Federal or local
government publications or files.The actual use of a developed steady-
state model ,as opposed to the judgment necessary to carry out a
realistic simulation, is elementary.Modeling tidal flat areas which
are periodically exposed is an exceedingly complex undertaking;
properly done it will consist of aerial photogrammetric surveys
and precise leveling.
53In the highly industrialized setting of the Delaware Estuary the
steady-state case has been used as the foundation of a linear programming
method of meeting certain water quality standards.For instance, for
wastes of known volume, concentration, and reaction rates discharged
at various locations along some miles of an estuary and a dissolved
oxygen standard of, say, 5 ppm, the linear programming concept can be
used in conjunction with the steady-state case to ensure that this goal
will be met a given percent of the time and at the least expense to
the parties involved.Various external constraints are, of course,
involved here, but the tools are available for the exercise of logical
and unarbitrary decision making.
Two steady-state models are described below in order to exhibit
some of the uses of this approach to estuarine problems.Both models
were applied to Grays Harbor.
Grays Harbor, Washington
The Grays Harbor entrance is about two miles in width, but shoals
extending southward from Point Brown contract the navigable channel to
a width of 0.4 miles (Fig. 4).From the entrance, the bay extends
eastward for 15 miles to the mouth of the Chehalis River.The bay
is filled by shoals and flats which are bare at low water and cut
by numerous channels.
The mean range of tide at Aberdeen is 7.8 feet.The range
between mean lower low water and mean higher high water is 9.9 feet
and a spring range of about 14 feet occurs.The flushing rate at 700
cfs was calculated by the tidal excursion-prism method to be 5.5days.
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l'iur4.Location map, Grays harbor, Washington.Eriksen and Townsend (1940) have presented data available for
calculation of eddy diffusivities from the longitudinal salinity profile
in the harbor.During a period of a constant flow of 700 cfs well-mixed,
essentially 1-dimensional, conditions existed.
The influence of the extensive tide flat areas on the distribution
of waste effluents is unknown, and the computational error introduced
by their presence cannot be evaluated at this time.(Dr. Bella's paper
on the influence of tidal flats or water quality should provide some
insight on this subject.)The tide flats were tacitly included in
the model by using cross-sectional areas based on mean tide level
Two pulp mills in the area discharge partially treated wastes
directly to the estuary or to holding lagoons for discharge at high
flow periods.The discharge of oxygen-demanding wastes naturally contributes
to the oxygen deficit in addition to bottom demands and plant respiration.
Another factor which enters and which frequently occurs on the West
Coast of the United States is the process of upwelling.During periods
of sustained northerly winds, surface waters are transported away from
the coast and replaced by waters at depth.The dissolved oxygen content
of the deeperwaters may be as low as 1to 2 mg/l and have been observed
as penetrating into the harbor (Pearson & Holt, 1960).Prevailing winds
that induce upwelling generally occur during the low river runoff period
and can compound the effect of low dissolved oxygen concentrations
resulting from estuarine waste discharge practices.
When only one industrial or municipal sewage facility affects an
environment, the problem of a desirable level of waste treatment is
fairly straightforward if water quality objectives are stated.When two
or more facilities discharge into the same system, then anamenable
56treatment level requires that the contribution ofeach facility to the
total stream waste load be capable of isolation.Examination of field
data alone cannot separate the concentrationdistribution observed in
the waterway into individual facilitycomponents, since the concentration
at any point depends not only on the amount but alsoupon the location
of waste discharge.Upwelling compounds the situation.
Stommel's Model
A model for treating the distribution ofa pollutant in a well-mixed,
1-dimensional tidal estuary was given by Stommel (1953)as:
(4) F(x)=QL - SA
where F(x) = net seaward flux of pollutantacross a section
A = turbulent eddy diffusivity (L2 T')
Q = river flow (LI )
L = concentration of substance (M/M)
S = channel cross-sectional area (L2)
The steady-state equation (4) fora non-conservative pollutant may
be wri tten as:
(5a) (QL-SAL)+K1 SL=0
or
(5b)
d(QL-SAL)+K1 SL=3
at an outfall where 3 is the rate of flowof pollutant (MT) at the
outfall,and the reaction term, K1(Ta),is taken as a constant throughout
57the estuary.Burt and Marriage (1957) employed equations (5) in
a study of the potential pollution of Yaquina Bay, Oregon.
Stoninel 's relaxation solution of n linear differential equations was
replaced by a matrix algebra solution by Callaway (1966) which was first
employed by Dorrestein (1960) and later extended to the time-variable
case by Thomann (1963).After expressing equations (5) in finite difference
form they become, utilizing matrix notation:
(6) EL]=[J]
where ftAis an n x n matrix which includes the advection, diffusion
and decay terms, EL] is a column vector of dimension n representingBOD
concentration and [J] is a column vector of dimension n representing
forcing functions of waste discharges.Equation (6) is easily solved by
matrix inversion on a digital computer:
(7) [L]=
-1
[J]
The outputA1 which is the inverse ofAI, is multiplied by [J]
in a given section where an outfall is situated.If outfalls are located
along the estuary the resulting outputs may be added to givethe total
longitudinal output since the system is linear and superposition of
solutions applies.
Longitudinal DO Profile
The computation of the steady-state DO profileis somewhat more
complex than that for describing the distributionof a conservative or
non-conservative poi 1 utant and was not treated byStommel.The basi c
dissolved oxygen equation, avoiding finite differenceformulation and
neglecting photosynthesis and sludge bed demand,is:
58(8) (QC-sA =K2 S(C5-C) -K1 SL
where C = dissolved oxygen concentration (ML
Cs= saturation concentration(ML3)
K2= reareation coefficient (Ta)
and the other terms are as before.Modifying equation (5a) for the
distribution of pollutant or BUD:
(9) (QL-SA.L)+K1 SL=F
dx dx
where F is the forcing function.
Upon differentiating equation (8) with respect to x and rearranging,
we have:
(10) [Q (sA) SA + K2 S] C = K2 SC- K1 SL
for dissolved oxygen distribution, where L is determined from (11) as:
(11)[Q-(sA)-sA-+K1 S]L=F
In equation (10), the terms in brackets represent a system of operations,
or transfer function, which transforms the forcing functions K2 SCand K1 SL
into an output C.Similarly, the forcing function F in equation (11)
is the BUD discharged at an outfall section somewhere in the estuary which
is transformed by the advection, variable diffusion and constant reaction
terms within brackets to a longitudinal BUD distribution.At each
end of the model C = and eddy diffusivity at the river (freshwater)
end is taken as zero.Although Stommel's model is applicable to tidal
freshwater streams, the evaluation of eddy diffusivity would have to be
59made through the use of dye releases or some other substance beside
salinity as used here.
Writing equation (10) in matrix notation for the system of equations:
(12) [BU [C]=[K2 SC- K1 SL]
and solving for [C]:
(13) [C]= Bfl
-1[K2 SC5] B1
-1
[K1 SL]
In equation (11) when F = 0, L = 0 ad equation (8) reduces to C = C5s
since it is assumed that there is no longitudinal variation in C5 (first
and second derivatives of C with respect to x are zero).Then equation
(B) is written as:
(14) [C]=[C5] IB [K1 SL]
Solving for [L] in equation (11) and substituting in (14):
(15) [C]=[Cs] - [B1AJ [K1 F]
which is the synthesized DO profile equation.
Twenty-three sections were used in the 700 cfs model, no attempt
was made to assess temperature effects on theBOD rate constant:
C5 (= 7.5mg/i) was taken as constant in the estuary.(The forcing
functions used in the above derivations have awkward dimensions which
can be resolved by dividing the equation bythe cross-sectional area
term.)
Salinity Profile
Figure 5 shows the computed and observed longitudinal salinity
distribution in the estuary at 700 cfs.Computed results were taken
from the matrix inversion of the system represented byequations
(5) with K1= 0.Observed salinity at the ocean end of the model
was taken as the input forcing function.35
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Fig. 5.Salinity profiles, Gray'sHarbor.
61was taken as the input forcing function.The "computed' salinity
serves mainly as a check on the calculation of the coefficients in
(9) since the observed salinity data were used in the calculation
of eddy diffusivities.Diffusivities calculated for Q = 700 cfs
averaged 2.6 square miles per day.
Upwel li ng
At the ocean end of the model upwelling is introduced as an initial
oxygen deficit (C5 - C) subject to reaeration only.Work by Sverdrup and
Fleming (1941) and Barnes and Collias (1958) suggests that waters at
depth in the ocean and in fjords have very slow deoxygenation rates.
Barnes and Collias find average rates of 0.016 ml/l/day in the fjord-
like waters of Puget Sound while Sverdrup and Fleming reported 0.005
ml/l/day at a depth of 200 meters off the California coast.In estimating
the upwelling contribution to low DO conditions, then, K1 has been
taken as negligible.
Figure 6 shows an initial oxygen deficit of 5.5 mg/l in the ocean
subject to reaeration rates of 0.15 and 0.30 per day within the estuary.
In the absence of a pollution source in the estuary the deficit would
decrease upstream (C would approach C5, shown by the dashed line).The
upwelling effect for K2 = 0.15/day is superimposed on an observed DO
profile (solid line, Eriksen and Townsend, op.cit.).The dash-dot line
shows the superposition of the two deficits; during periods of upwelling,
interpretation of field data extending only from mile 8 upstream would
attribute the entire oxygen sag to the BUD sources located in the middle
of the estuary if the possibility of an upwelling effect were notrecognized.10.0
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Figure 6.Oxygen deficits (C5_C) resulting from pollution (observed),
upwelling (calculated) and pollution plus upwelling.Thomann's Model
The Thomann model (Thomann, 1963, Thomann and Sobel, 1964) also
goes by the name of DECS III (for Delaware Estuary Comprehensive Study);
it has been extensively documented by Jeglic (1967).
Some features of the model are similar to Stommel's, but there
are enough differences to warrant discussion before the results are
presented.
The time variable case is explained below; the examples shown,
however, are steady-state.
In matrix form the differential equations for BUD (L) and
dissolved oxygen (C) are:
EL]
dL
+[a:E]=[J] [Lb]
(17) [C]
dc+ []=Er][Cs]+{P]-ED] [L] [Cb]
where at any given time jthe matrices and ftBII are square, tridiagonal
matrices of order n, the nonzero coefficients of which are defined as:
Q+E. a
1,j i,j i,j =2,3,4.. . .]
A1 =B V.
1,J
jQ,
j
a1+1,j +1,-E.-E.+ -r. [i= 1,2,3....nl
A1
Vi,j
3
rai+1,Q1 _E11,
1-d.[i=1,2,3....fll
is I i,j
B 'k"
i, 1+1
64where the i subscript denotes thethinterval in a 1-dimensional grid
(n grids) and thejsubscript represents a time interval.The other
variables are as below:
=waste load to segment I
r=reaeration coefficient
d.=decay coefficient
=other sources and sinks of oxygen
=volume of segment i
Q=net flow
=eddy exchange coefficient
=advection factors
The exchange coefficient is:
}(i,j1,1
where K =eddy diffusion coefficient
A. .=cross-sectional area 1, J
L =segment length
The advection factors are:
E
1(JJ.i_t'Ii
E E
Ifi-1,j
>1'thenç..i,j
Qi-1, j 1, 3Q,
ifc, 0.5 then ç' =0.5, and ii
I, .1
1cp1,
65The role of the advection factor is similar to the weighting function
(discussed, e.g., in Smith, 1965, p.23).The implicit method of solution
ensures stability (but not necessarily accuracy); the advection factors
minimize numerical errors which resemble diffusion.
The time variable Thomann model does not solve for short-term tidal
fluctuations, hence, upstream dispersion is accomplished through the
exchange coefficient and not through advection.
Steady-state solutions of equation (17) are shown in Figure 7 as the
oxygen deficit per 100,000 pounds BUD discharged at various points in the
estuary under various specified conditions.Figure 7a shows the effect
of adding 100 cfs increments of flow to the head of the estuary with
eddy diffusion calculated from the salinity profile.As can be seen the
peak concentration is reduced and moves further downstream.The deficit
at sections 14 and above, however, are slightly greater as a result of
the increased flow.Figure 7b shows the effect of placing the outfall at
different points in the north channel with a 550 cfs flow and specified
diffusion rate.
Figures 7c and 7d show the effect of a doubling of the reaeration
coefficient with the same decay coefficient in each case.The areas
under the individual curves for a release point are greatly reduced for
a reaeration coefficient increase from 0.15 to0.30 per day.
Because the profiles have not been verified the above should be
considered as examples of numerical experimentation rather than of
actual conditions.A very important (and difficult) part of modeling
lies in verification of the model output.Verification, or adjustment,
is largely a matter of judgment; unfortunately there is little agreement
or precedent upon which to go exceptin the simplest of cases in which
analytical solutions can be simulated.8.0
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Columbia River Tides and Currents
The mathematical methods for predicting tides and currents in the
Columbia River from the Pacific Ocean to Bonneville Dam have been
presented by Callaway, et al. (1969).Briefly, an explicit solution of
the 1-dimensional equations of motion and continuity was utilized in a
finite element formulation of the geometry of the system; the algorism
used is due to Shubinski and Sheffey (1965).The input requirements for the
model are channel lengths, widths, cross-sectional areas, and frictional
resistance coefficients, and junction surface areas.Boundary conditions
consist of the time varying tidal heights which can be expressed as a
Fourier series or equally spaced points and tributary and mainstream
river flow data.The model also treats conservative and non-conservative
substances and temperature with a surface boundary exchange.
The next few paragraphs deal with verification attempts (Callaway and
Byram, 1971); by this is meant duplication (primarily by adjustment
of friction) of predicted heights and currents.We were not overwhelmed
with actual field data and relied mainly on USC&GS tide tables for
verification of the hydraulics.Stage elevations at Bonneville Dam
were taken from a report by Bonneville PowerAdministration.
At the upper boundary condition the flow from the junction representing
Bonneville Dam was input.Water elevation above datum was then approached
as the channel depths responded to the amountof discharge.At the
outset of this study, we were not sure just what theelevations should
be and it was pleasurable to find that the computed elevations fellwithin 1to 2 inches of observed, even when the differencein tailwater
elevations for two flows was aboutseven feet.
In Figure 8, computed and observedco-range lines are given.Also
shown in the figures are 'observed'ranges as taken from the C&GS tide
tables.In general, the agreement between computedand observed values
is excellent.
Figure 9 shows a longitudinal section ofcomputed and observed
ranges.Note the agreement in the lower river whichshows an increase
in mean diurnal range with distanceupstream, passing through 6 feet
about mile 5 and again at mile 25.The agreement is rather good along
the entire river stretch with the exceptionof from about mile 70 to 100.
The reason for this discrepancy is not known,but could be due to channel
modifications made after the USC&GS computationsbase data were collected
but which are incorporatedon the charts from which the input data was
taken.
The 1959 flow data were chosenas representative of a 'normal"
low flow period.Starting at river mile 27,a wave with 6 foot range,
/6
Manning coefficient of 0.02 ft and a 12.5 hour periodwas input at
a river level of 3.8 feet (as determined from Corps ofEngineers data
for the flows used).It was assumed that 25 hours would besufficient
for convergence, hence these output data (first25 hours) were discarded.
Figure 10 shows the progression of thewave with distance upstream.
Agreement between computed and Tide Tablephase lags and amplitudes
was very good.
Clark and Snyder (1969) publisheda note on their observations of
current reversal 70 miles upstream from themouth of the Columbia0
0
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Fig.8;Computed and observed tidal ranges, Columbia River, miles 0-30.
From Callaway and Byram (1971).-
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Fig.10.Computed stage elevations versus time,mile 27-146.
From Callaway and Byram (1971).River, near the proposed si te of two thermal electric power plants.
The particular river stretch was chosen because heated cooling water
returned to the stream [night interfere with the endemic and anadromous
fishery, especially if there were to be periods of low current speeds as
during a current reversal.The purpose of their study was thus to
determine if reversal occurred, and if so, to measure its duration during
a very low flow period (84,500 cfs at Astoria) of less than half the
river's mean annual discharge.The low flow occurring during their study
was the result of filling the then just-completed John Day Reservoir.
A rather extensive field study using dye dumps and fluorometry was
reported; in summary, they found that reversal occurred over a four-
hour period from about 3:50 a.m. to 8:00 a.m. on April 16-17, 1968.
A sine wave with a period of 12.5 hours and range of 7.5 feet, the
diurnal range at the North Jetty, was input at the ocean end of the model.
A Manning coefficient of 0.02 ft was employed and conditions simulated
for two tidal cycles.
Figure 11is a computer plot of tidal elevations, velocities and
flows at river miles 67 to 74.The somewhat erratic traces in the first
few hours of simulation are due to convergence of the numerical solution
from the given set of initial conditions.In this case, convergence
was complete in about 10 hours.The open circles on the figure are
tidal elevations as taken from Clark and Snyder and adjusted so that
the computed second high water maximum is in phase with the observed.
Even though no attempt was made to input the existing mixed tide at
the entrance (although it could easily have been at theexpense of more
computer time) the computed curve is in good agreement with the observed.
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74
25It can be seen that the frictional and non-linear term in the equation of
motion have distorted the ocean input sine wave to the output shown near
Prescott.Computed tide reversal (middle figure) occurs for about three
hours as compared with four hours observed, the difference due mainly
because a uniform friction coefficient was used in the model.Computed
maximum flood velocity was 1.2 fps; maximum ebb velocity was 2.1 fps.
These velocities are integrated vertically across channel and will
generally be lower than observed peak velocities in mid-channel.
Computed transport through the channels is shown in the lower part
of the figure.New flow in the Columbia channels for the last 12.5
hours of the run was 78,606 cfs; the remaining flow being diverted
north through another channel.For the low flow period of 1968,
Figures 12 and 13 show computer plots of head, velocity, and volume
of flow with river mile upstream for the tidal cycles.These results
have not been "verified' as such but are given here as additional
examples of output.
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76Fig. 13.Computed tidal elevation, velocityand flow.River
miles 24-134, Columbia River,low flow conditions.
From Callaway and Byram(1971).
77FLUSHING
The residence time of pollutants in estuaries depends primarily
on the freshwater runoff to the estuary.Calculation of the time
required to remove dissolved substances results in a flushing rate and/or
time.If the pollutant is discharged in or near the primary freshwater
source, then the salinity distribution can be used for this computation;
if not the distribution of the pollutant may have to be used.
Machine Calculations of Flushing
Once dynamic steady-state has been achieved in a time-varying model,
i.e., after the pollutant has been distributed by allowing the program to
run long enough, the flushing of a continuous release can be easily
observed.The given distribution at time t is simply used as the initial
distribution (t = 0) on a second run; the waste input is set to zero
and the concentration decrease followed as long as need be.
For an instantaneous release, one sets the initial distribution
in a given section or grid of the model to a certain level with no
further inputs and allows the program to run (assuming the hydraulic
portion, if any, of the model has achieved convergence).
Point source releases cannot be exactly simulated with a finite
sized grid system, for the instantaneous or continuous case, of course.
Direct Observation
The response of an estuary to a sudden increase in streamflow can be
quite dramatic as seen in Figure 14, a time-series of salinity in the
Yaquina River Estuary (Callaway et al., 1970).Rainfall in inches per
day is shown in the upper inset and the combined runoff from the YaquinaS
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79River and Elk Creek are shown below it.Coincident with the rainy
season (starting in November, 1967) the salinity at mile 3.5 drops from
about 33 ppt to 10 ppt.
With the succession of rainy periods during the winter, about 5
months are required until the higher salinity is achieved again (May, 1968).
In June, 1968, a single intense storm of short duration lowered the
salinity to about 15 ppt.It would appear from the hydrograph that
local rainfall was effective in lowering the salinity as was the
upstream runoff.In essence, then, flushing can be extremely fast
and may at times sweep out the entire estuary.
Tidal Prism Method
The flushing rate of Grays Harbor was cal cul ated by the tidal prism
method described by Ketchum (1951).Here, the excursion length of the
flood tide was used to divide the estuary into segments.Exchange ratios
for each segment were calculated from:
P
r p+V
where n= segment number
rn =exchange ratio
P= tidal prism volume
n
= low tide volume
Constant river flow was assumed (700 cfs) and a flushing timeof
5.5 days was found.
The ratio of freshwater discharge during a half tidalcycle
(12.4 hours) to can be used to determine the type ofvertical
salinity distribution that is likely to occur:JTQdt7/P
where Ttidal period
Q = runoff
General, but not infallible, guides to vertical stratification
were postulated by Schultz and Simmons (1957) who found that well-mixed
estuaries have ratios of about 0.1; partly-mixed about 0.2-0.5; stratified
conditions are found for values greater than 0.5 with 2-layer conditions
being found at values near 1.0 or more.P/Q provides a measure of the
flushing time.
Box Models
The "box' or "reservoir' model as used in oceans and estuaries has
been described by Keeling and Bolin (1967) and Okubo and Pritchard (1969).
In brief, one box or several connecting boxes are postulated as containing
completely mixed fluids with exchange allowed within a box and between
them at their mutual interface.Objections can be raised as to the
loss of rigor when using the box model approach, i.e., replacing the
appropriate differential equation with intuitive ideas on exchange
processes and fluxes.However, when the system studied is complicated
the box model method can prove a valuable tool, and perhaps the only
tool, for studying processes between water masses and also between the
water-air or water-sediment interface.
In a sense, all numerical models, i.e., finite sized grid models,
are box models in that exchanges take place between grids at certain
time steps.One difference between the "numerical" and the "box" model
is that in the former case the governing equations are in terms of diffusion
F31coefficients while in the box model diffusion processesare expressed
as rates.As Okubo and Pritchard (op. cit) put it, "The exchange rate
constants in the box model have.. .no clearly defined physical basis,
but, to be honest about it, neither do the eddy diffusivities."
As an example, the box model approach is used for evaluation of
the flushing rate of sulfite waste liquor (SWL) in Bellingham Bay.
Flushing, as evidenced by a decrease in the surface concentration of SWL,
can be accomplished by seaward advection of the surface layer, diffusion
downward, and biodegradation.Data on the distribution of SWL emanating
from a pulp mill in the northeast corner of Bellingham Bay have been
described in U.S. Department of Interior (1967), which includes data
collected by the author during and after a mill closure as shown in
Figure 15.Collias et al. (1966) give an extensive analysis of the
flushing mechanism in the Bay.
The Bay is considered to be a box with a depth, d, of 10 feet (the
upper mixed layer), length, 1, of 12 nautical miles, and width, b, of
5 nautical miles.Rates are expressed as (1) seaward advection through
the south vertical plane, (2) vertical diffusion through the bottom
horizontal plane, and (3) decay within the box.
The rate of change of SWL can thus be expressed as:
= -(++ K)s
where s= SWL concentration (ppm)
Q= net seaward advection(L3 T)
V= volume of the box(L3)
K= vertical eddy diffusivity(L2 T)
A= area of the horizontal plane(L2)
K= decay rate of SWL (Ta)
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83Seaward advection was estimated from net surface tidal velocities
found at the entrances to the Bay by the USC&GS.Uncertainty exists as
to the depth of the surface layer which for this example was chosen from
an examination of vertical SWL profiles (Figure 16).Net velocities,
passage widths, and depths result in a mean advective velocity, U, of
0.1 ft. sec.Since Q = U bd = 3.04 x l0cfs, the rate of advection,
Q/V = 1.37 x106 sec*The primary tributary, Nooksack River, has
daily flows ranging between 595 and 46,200 cfs with a mean daily flow
of 3,700 cfs.The latter value of Q would put 0 at 0.012 ft. sec.
Both estimates of Q will be used in the order of magnitude analysis.
Vertical flux was estimated from the steady-state expression:
=K U ZT
and was computed from:
2
K =(U I)I(2) z
The horizontal SWL gradient,s/x, was found to be 0.009 ft., and the
vertical term,2s/z2, to be 0.06 ft2, as displayed in Figures 15 and
16.For U = 0.1, K= 0.015ft2sec. The half-life (t11 )of sulfite waste
liquor in lagoons has been reported as1 week by Lindsay et al. (1960).
Assuming first order decay, the rate constant can be found from the
expression K = (t ) ln 0.5.
For the lower advection rate (Q = 3,700 cfs) the magnitudes of
the terms are:
Q/V=0.17 xiü6sec
KZ/A=6.09 x l0 sec'
K =1.09 xl06 sec1
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-IFrom this analysis it can be seen that the loss by diffusion
downward (for the box depth used) can be neglected relative to the
other processes.The loss of measureable SWL by decay cannot be
neglected at the flows used; however, as the size of the box decreases,
K becomes negligible and Q/V becomes dominant.
Writing equation 18 in terms of the half-life of the distribution,
taken as the time when the area (rather than the concentration) enclosed
by the 5 ppm contour decreases to half that of the initial area:
(.9+K)
0.693
V ti!2
Upon substitution it is found that ti,,= 6.4 days for Q = 3700 cfs.
For Q 24000 cfs, t1,= 3.6 days.For Q = 48000 cfs (the upper limit
observed) t = 6 hours.The half-life found by planimetering the areas
/2
in Figure 15 was 2 days.The computed value seems reasonable considering
the assumptions made.
In an attempt to calculate the rate, the word of warning mentioned
at the beginning of this section was violated in obtaining a figure
for the advection rate, namely, that the source of the effluent and
the primary flushing source were in the same location.This is probably
no worse a violation than the other assumptions such ascomplete mixing,
etc.
In summary, it can be seen that a rapid estimate of flushing can
be obtained via the box model approach but the data demands are noless
stringent than a more sophisticated approach.EFFECTS OF ESTUARIES ON OCEANS
The freshwater entering a river system eventually entersan
estuary and is then discharged to sea.En route, losses may occur
through seepage, evaporation or withdrawals, and agriculturalor other
diversions.
Water originally very pure in the headlandsmay, on its passage to
the sea, accumulate substances which are detrimental.Some of the
materials transported in this manner may precipitate outupon mixing
with saltwater in the estuary, or be lost by deposition, by uptake
of organisms, by evaporation, etc.Eventually, however, discharge
of substances to the ocean will occur.When runoff is large, the plume
of freshwater can be traced far offshore by observing the salinity
distribution as shown for the Columbia, for example, by Duxburyet al.
(1968).Work on the coastal distribution of Zn65 suggests that the best
time to study its effects and to separate the Columbia from other
coastal river discharges is during the winter when the Columbiais
confined nearshore and directed northward;razor clam uptake ofZn65
is high at this time.At other times the Columbia plume is directed
offshore.
Except in well-mixed estuaries, net flow landward along thebottom
will occur, balancing the outflow in the surface layersby advection and
entrainment of saline waters into the fresher surface layer.Offshore
waters at depth will move inshore towards an estuary (the dynamicsof
this situation are different than these due to wind-relatedcoastal
upwelling) as has been demonstrated experimentallyon the west coast
for the Columbia River and San Francisco Bay; itappears to be a
87reasonable assumption for Cook Inlet waters.Coincident with this
net shoreward movementare pollution problems associated with offshore
dumping and barge disposal (see Callaway, 1970).
Tamai et al. (1969) exhibited the variation of salinity concentration
in the Pacific Ocean resulting from the jet action of the Columbia
during the spring and summer as a plot of ratios of seawater, jetaxis,
and river mouth salinities versus the dimensionless ratio of axisdistance
(x) divided by the width of the river mouth (D0).These data are plotted
in Figure 17 as is the relation found by Jen et al.(1966) for comparison.
The latter was derived from laboratory experiments todetermine the
characteristics of a warm water jet discharged horizontally into
initially resting deep water; D0 was 0.036 feet.
Pak eta]. (1970) have presented data on light-scatteringmeasurements
in the Columbia River plume (D0 = 2 n. miles) and wereable to trace
the plume for 200 km; they deduced that the scatterers werecontained
in the plume water for at least 30 days.Their data are also plotted on
the figure.
The salinity distribution along the south coast ofAlaska and
Shelikof Island (D0 = 30 n. miles) and the AleutianIsland chain was
calculated in a like manner and is shown in the figurefor the summer
of 1957 (Callaway, 1963) and 1958(Dodimead et al., 1963).Average
combined river flow of the Susitna River and fromKnik Arm in Cook Inlet
are reported (Wagner et al.,N.D.) as about 52,800; 102,000; 124,000;
and 111,000 cfs during May, June, July, andAugust, respectively.
The June through August values are in the rangeof low Columbia River
flows.(,)E
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Salinity or particle scattering along the jet axes of various
water bodies.The slopes of the four cases are somewhat similar.The ratio in
the ordinate does not begin to fall off for the Aleutians until x is
about equal to 10 D0, unlike the Columbia, suggesting less horizontal
and/or vertical entrainment with distance from the orifice.Since the
coast and islands prevent entrainment of less saline waters to the
north and since current direction south of the chain is into Bristol
Bay, entrainment will be less than that of a plume directed into the
ocean (as for the Columbia) where it can occur on both sides of the
plume.
Less dramatic effects will be exhibited by estuaries fed by smaller
river systems; however, it should be clear from the above brief
discussion that the estuary and ocean are interacting systems with the
potential to affect each other in adverse as well as beneficial ways.
The upwelling model given for Grays Harbor provides one example of the
oceans affect on the estuary.DISCUSSION
A rather broad view of models has been presented with emphasis
on the physical processes in estuaries.Of course, the real problems
concern ecology and the effect of pollutants and natural substances on
animal and plant coniiiunities.
Some examples of model use have been given ranging from a slide
rule approximation of flushing to a time varying digital computer
solution of an estuary-river system.Applications to Pacific Northwest
estuaries serve to point out the usefulness of steady-state ways of
looking at things while anticipating full scale, at least 2-dimensional,
simulation of our rather small but highly complex systems.The main
waters of Puget Sound have been avoided in this discussion for lack of
actual computational examples rather than to suggest that they are
uninteresting or unimportant.The Sound is anything but that; hopefully
it is not a setting awaiting its overdue succession of disasters.
Visions of one large, uncoordinated, city subdivided into an array of
political fiefdoms spreading from Olympia to Canada occur.
Pollution problems are difficult to solve.The more we learn
about what were once thought to be rather straightforward relationships
the more mysteries we uncover.If the problems relating to our
estuaries are to be solved in a short time span then recourse will
necessarily have to be made to models of some sort.As before, the
complexity of a model has no real bounds; we must utilize the simplest,
largest scale, model possible to attack existing problems rather than
devoting too much attention to a virtually limitless collection of
microcosmic structures.Information exchange among practicing engineers
11actually using models or requiring them to make management decisions
and theoretical and applied engineers and scientists isa necessity
if we are to continuously narrow the gap between overly simplified
models (what is practical) and those of the forefront variety (what
is possible).REFERENCES
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ABSTRACT
The use of mathematical models in a study of estuarine benthal systems
is discussed.The mechanisms within the benthal systems which result in
a reduction of dissolved oxygen and arelease of free sulfides are discussed.
A mathematical model which describes the relationships betweensoluble organics,
insoluble organics, sulfates, dissolved oxygen, and freesulfides within
the deposits and overlying waters is presented.INTRODUCT ION
Aquatic ecosystems contain a wide varietyof species.This
diversity of species has been consideredto be of great ecological
importance, particularly in maintaining thestability of the eco-
system.Similar species compete for similarresources such as food,
space and light.There is a tendency for themore efficient species
to eliminate from the system the less efficientspecies (1).Because
a high species diversity is desirable, a question thatshould be
asked with reference to waterresource management is, "what are the
environmental conditions which allowcompetitor species to coexist
and how can these conditions bepreserved?".Environmental variations, both in time (2)(3)(4) and space (3)
(5) (6) are factors which can contribute to the coexistence of com-
petitors within a given ecosystem.Reduction of natural environmental
variations can thus contribute to the reduction of species diversity.
Consider a cross section of a typical estuary as shown in
Figure 1.The est1iary has been divided by the vertical solid line
into two general sections: the main channel section (left side) and
the tidal flat section (right side).These two sections have been
further subdivided into four general regions.Regions A and A'
consist of the main water bodies of each section.Regions B and B'
are the water regions which extend several centimeters above the
bottom.Vertical mixing in these regions is low and thus the chemical
properties of regions B and B' are often quite different from the
chemical properties of regionsA and A'.The upper interstitial
waters of the bottoms (waters containing dissolved oxygen) comprise
regions C and C'.Deeper interstitial waters, lacking dissolved
oxygen, make up regions D and D'.
Though varying in relative size, each of these eight general
regions is of great ecological importance.Organisms which persist
in one particular region would likely not survive in the remaining
regions.Environmental conditions and variations with time are
different for each of these regions.These differences are impor-
tant as they contribute to the overall species diversity.(There
are additional important variations within each of thedefined
regions, of course).Despite the ecological importance of all of
100Main Channel Section Tidal Flat Section
Figure1.- Different Regions Within a Cross-section of
a Vertically Well Mixed Estuary
these regions, water quality standards are written primarily for
region A.Water quality monitoring by regulatory agencies is done
almost exclusively in region A.Most research of water quality is
concerned with region A.Most mathematical models involve only
region A and occasionally region A'.
It is the purpose of this paper to discuss several aspects
of the less frequently studied regions of estuarineecosystems.
Particular emphasis Will be given to the role mathematical models
have played in a current research project being conducted at Oregon
State University.This paper will seek to not only present results
of past observations, but, will attempt to givesome insight as to
the future directions of this study.Before proceeding to discuss
observations of this research, however, the views from which the
observations were taken will be discussed.
101DETAIL AND PERSPECTIVE
The real world appears to be organized into an intergrated
series of organizational structures.On an extremely small scale,
atoms are organized to form molecules.On a large scale, the planets
and sun are organized to form the solar system.Large numbers of
intermediate structures, some obvious and some not, are of course
present.The definitions of different structures and the disagree-
ments of these definitions will not be pursued.Rather, the point
to be made is that a given structure or entity isboth made up of
components and is also a component of a higher structure.
In order to understand the natural world, man has found it
necessary to group what appear to be natural structures into larger
groupings.As an example of a functional grouping, individual
organisms with similar functions have been grouped into trophic
levels.This grouping has enabled man to study the relationships
between large groups of organisms.Such a grouping thus enables one
to gain perspective, yet because of this larger grouping, one looses
detail.This same real world systems maybe studied at finerlevels
of resolution.That is, smaller groupings may be employed.As an
example, individual organisms may be grouped into species.Such
groupings permit one to gain detail, yet, because of the larger
numbers of groups, one now has great difficulty in obtaining per-
spective.Thus, the same real world systems may be studied at dif-
ferent levels of organization (that is, different levels of resolution;
different degrees of grouping).A fine resolution leads to a gain
in detail with a sacrifice of perspective while a low resolution
leads to a gain in perspective with a sacrifice in detail (precision).
102Once a given investigator has defined what he feels to be the
most important components of the particular real world system being
studied, he then seeks to define the relationships between these
components.In this manner, he hopes to form a conceptual model
that will describe, within acceptable limits, specific real world
phenomena by a logical arrangement of general, simple, and acceptable
concepts.
Investigators of different professional background, both studying
the sante real world system, often form models of different levels
of organization.Thus, for, a microbiologist, a level of resolution
sufficiently fine to describe the numerous and different types of
bacteria is essential.For an engineer or ecologist, most of these
bacteria, as well as certain other organisms, can be grouped into a
single category of "decomposers'1.The microbiologist argues that the
larger grouping of "decomposers" omits detail which is essential to
understanding the system.The ecologist and engineer, however, argue
that if one divides the "decomposer" component into separate components
for each species, or possibly for each individual organism, the number
of components will be so large that it will be impossible to define
the relationships between the components.In a sense, both arguments
are correct for the increase in detail is gained by a loss in perspective
while a gain in perspective results from a sacrifice in detail.While
such different professions often appear to be separated by the tra-
ditional levels of organization used by each in viewing the real world,
their views and observations should compliment each other and provide
a means of understanding both detail and perspective.*
*Authors Note:Some information may require both detail and perspective
simultaneously.Such information may be essentially unattainable.At
this time, however, the rather philosophical question of "ecological
uncertainty" will not be pursued.103The research project upon which this paper is based, from the
start, has studied benthal systems (loosely defined structures having,
however, some unique characteristics) from two general views (i.e.
at two general levels of organizations.) Related component parts which
make up benthal systems were studied.In addition, larger estuarine
systems, of which the benthal systems are components, were also studied.
Feedback occurred between the results gained from the different
views; that is, results gained at one level of organization influenced
the direction of work done at the other level of organization.As
an example, the percent of fine particles within the benthal deposits
appear to be important.This result came from investigating the com-
ponents of benthal systems within tidal flat regions (fine level of
resolution).A wide range of man's activities might lead to a significant
increase in the percent of silts and clays.These activities may be
studied at lower levels of resolution; by studying the. estuarine-river
system.Upstream dams tend to hold back larger particles while suspended
particles (colloidal and near colloidal) can proceed downstream.A
large portion of these particles may then flocculate and settle out in
the more saline estuarine waters.
Dredging operations tend to suspend large amounts of bottom materials.
The larger particles settle quickly and are thus eventually picked up
by the dredge.Often, currents at the lower depths within estuaries
have a net velocity in the landward direction.Thus, dam's and dredging
may contribute to along term increase in the percentof fine material
within benthal deposits.A study of the larger river-estuary system
would be needed to investigate the extent of this possible increase in
fines.Thus, a study conducted at a fine level of resolution (benthal
system) is now leading to questions that must be answered by a study at
a lower level of resolution(river-estuarine system).
104The remainder of this paper will emphasize benthalsystems
(particularly those in tidal flat regions).It must be recognized,
however, that the behavior of benthal systems dependsnot only on
the relationship of their sub-systems butalso on the relationship
of the benthal systems within the largerestuarine systems.
MATHEMATICAL MODELS
Conceptual models often lead to the development of mathematical
models.Such use of mathematics results in two benefits.
First, mathematics is a precise language andthus it forces
an investigator to precisely state the basic concepts ofthe model.
Second, having defined the concepts in theprecise language
of mathematics, one can manipulate thesymbols by following a pre-
cisely defined set of rules.Such manipulation of symbols isa
logical manipulation of the conceptsexpressed by the symbols.Thus,
one may interact concepts to form new concepts.
The difficulty in the use of mathematicalmodels most often
arises when the symbols of the mathematicalmodel are translated
back to concepts.In order for such concepts to be reasonableand
justified, the translator must be cognizantof the assumptions
which had been made in translating theoriginal concepts into the
mathematical language.
The worth of a mathematical model, ofcourse, depends on the
worth of the concepts upon which themodel was built.The worth
of these original concepts,as well as the worth of the translation
of the mathematical symbols intonew concepts, rests on real world
observations and the understanding of theseobservations.That is)
mathematical models and experimental observationscompliment each
105other.As an example, the oxygen demand of benthal deposits, par-
ticularly within tidal flat regions, was recognized in this study
from the start as an important consideration.First, laboratory
studies were made to study the benthal uptake (7).Next, a simple
mathematical model was developed.From this model, an in situ
benthal respirometer was designed, built and run.The results
from the in situ benthal oxygen uptake rate studies appeared to be
affected by leakage from the respirometer.A mathematical model of
the respirometer system was developed and, from that model, correction
for the leakage was made (8).The corrected benthal oxygen uptake
rates were then studied.The mathematical model results indicated
that the experimental results could only be explained if a substantial
portion of the measured oxygen uptake rate was due to the release
of a material which was oxidized rather quickly (half life of several
hours or less).Both of these processes suggested that a large
portion of the benthal uptake (not including benthal plant respiration)
was due to a quickly oxidizing material; the material being oxidized
either within the aerobic region of the deposit or within the overlying
water.The literature suggested that free sulfides might be such
materials.Because free sulfides (particularly hydrogen sulfide)
are quite toxic, their presence within the watermight often be of
greater significance than the low DO values which result, in part,
from the oxidation of the free sulfides.It was generally felt at
the time, however, that the rapid rate at which free sulfides are
oxidized in estuarine waters would prevent their presence in waters
containing measurable DO.Thus, it was felt that the free sulfides
which were released from the anaerobic regions of the deposit would
normally be completely (or near completely) oxidized withinthe
106aerobic zone of the deposits.The literature also appeared to reflect
this notion.A mathematical model of the aerobic zone of the deposits
was developed (9).This model included the downward diffusion of DO,
the upward diffusion of free sulfides and thereaction between the two.
The model results indicated that undercertain conditions, the free
sulfide concentrationswould likely be significant.Experimental
methods were then developed and significantconcentrations of free
sulfides were measured in certainareas (9).Field studies and an
exhaustive literature review then ledto the following qualitative
description of what appears at this timeto be the important processes
leading to both theoxygen uptake and the release of free sulfides
(9)(lO).
QUALITATIVE DESCRIPTION OF BENTHAL SYSTEM
The sulfur cycle has been describedin some form in nearly
every textbook on ecology.Its importance in benthalecosystems
has been stressed (ll)(l2), yet, it hasoften received onlysuper-
ficial attention.Significant processes whichoccur within benthal
systems are illustrated in figure 2.In Figure 2, the overlying
water has not been divided into the two regionsshown in Figure 1.
This omission was done for simplicityand thus the significance of
these two regions should not beoverlooked.
Various sulfur compoundsoccur within the water column overlying
benthal deposits.In most brackish water which is oxygenated,these
are usually in an oxidized state, with sulfatesbeing the most abun-
dant.Those sulfur species whichare soluble may diffuse across the
sediment-water interface and enter thesediments.Within the water
and upper aerobic layer of thedeposits, inorganic sulfur compounds
O7may be utilized by sulfur oxidizing bacteria, such as those belonging
to the genus Thiobacillus, which produce sulfates.
Hydrogen sulfide occurs in aqueous solution as part of the pH
dependent system
H2SHS+ S= (1)
At a pH of approximately 6.5-7, free sulfides are equally divided
between H2S and HSwith Sbeing negligible.In the following dis-
cussion, all components of equation (1) will be referred to as 'free
sulfide'.Free sulfide orginates within the anaerobic layer where
it is primarily produced by heterotrophic sulfate reducing bacteria
which utilize the sulfates as hydrogen acceptors (12).The sulfates
diffuse downward from the overlying water.When sulfates are avail-
able, biological stabilization will likely occur through sulfate
reduction rather than through methane fermentation (13).
Free sulfides may also be produced during anaerobic putrefaction
of sulfur containing amino acids, but this process is felt to be of
lesser importance in the marine environment (l1)(14).The fate of
the free sulfides thus produced will depend upon the physical and
chemical characteristics of the deposits.If sufficient amounts of
metal ions, such as iron, are present, the sulfide will form insoluble
precipitates.If removal of these insoluble sulfur compounds does not
take place, either by resolubilizing or through transport outof the
area, the levels of totalsulfide, which include free, soluble, and
insoluble forms, may reach significant proportions in thesediments.
108If the rate of sulfide production exceeds the rate at which
can be converted to nondiffusible forms, such as ferrous sulfideor
insoluble sulfur, it may diffuse upward into the aerobicregion rn1
possibly into the water column.Here it will be oxidized to sulfite,
sulfate, thiosulfate, or insoluble sulfur (14)(lS)(l6).
The chemical reaction of sulfides withoxygen in aqueous solutions
has been studied by many investigators.Half lives of free sulfides
ranging from 15 minutes to 70 hours have been reported(14) (15) (l6
(17)(18)(19).Several studies have described the oxidation of free
sulfides to occur by a second order reaction (14)(15) (16), however.
such a description is a simplification ofan extremely complex s'tern
(16).Studies done in sea water have indicated that pH,temperature,
dissolved oxygen concentration and free sulfideconcentration are
factors affecting the rate of oxidation (14)(15).The oxidation of
free sulfides is catalized by thepresence of metallic ions such as
Ni, Mn, Fe, Ca, and Mg and is accelerated bysome organic substanceF
such as formaldehyde, phenols, andurea (16).These results sugge
that oxidation of free sulfides in estuarinewater may be more rapid
than in distilled water due to thepresence of such catalysts.During
the past year, several experimentswere conducted to investigate the
rate of sulfide oxidation using aged, 0.2 micron-filteredsea water
(salinity of 33 parts per thousand and initialpH at 8.2).Sulfide
was measured with a sulfide membrane electrodeon samples withdrawn
from the system and fixed with a sulfide antioxidantbuffer solution.
While results varied with initial concentrationsof oxygen and sulfide,
109half lives ranged from 10 minutes to one hour.These limited
results are in fair agreement with other studies done in sea water
in which half lives in the range of approximately 15-25 minutes were
reported (14) (15) (19).
If the serobic layer of the sediment is thin enough to allow
light to penetrate to the anaerobic zone, photosynthetic purple and
green sulfur bacteria may utilize the sulfides, producing free sulfur
as a by-product.This often occurs below a layer of benthic algae
and is possibly due to the lower compensation point for photoreduction,
and to the ability of the photosynthetic bacteria to utilize longer
wavelength light than the algae (ll)(20).At one study site, a light
purple color, believed to be caused by the presence of purple sulfur
bacteria, was noticable on portions of the mud surface and immediately
below mats of benthic blue-green algae which covered large portions
of the site.The purple growth was identified as belonging to the
purple sulfur bacteria, but as yet has not been classified as to genus.
The dissolved oxygen within the water overlying the deposits
may originate from reaeration and photosynthesis.In tidal flat
regions, wind and wave action will have a major influence on the air-
water transfer of dissolved oxygen.This transfer may occur either
into or out of the water, depending upon the relative partial pressures
of oxygen on each side of the interface.
During daylight hours, oxygen is produced photosynthetically
by planktonic and benthal green plants through photolysisof the water
molecule.The extent of photosynthesis depends on light, nutrients,
temperature, and standing crop.Photosynthesis results in the
110production of organic material which may accumulate in the upper
regions of the deposit.During the night hours, photosynthesis ceases,
but respiration continues, resulting in a nocturnal decrease of DO.
Diel DO variations between 14 mg/L and 6 mg/L are not uncommon within
tidal flat regions.
The high reaction rate between free sulfides and dissolvedoxygen
in estuarine waters has contributed to the general assumption that
free sulfides released from the anaerobic layers of the deposit will
be essentially completely oxidized within the aerobic layer of the de-
posit.Significant concentrations of free sulfides within waters
containing normal dissolved oxygen concentrations has been generally
considered as a transient condition due to dredging,scour, or other
similar major benthal disruptions.In general, the continued presence
of significant concentrations of free sulfides in waters containing
dissolved oxygen has been considered improbable.Because of the
relatively high toxicity of free sulfides, principally H2S, thepresence
of free sulfides might often be a more serious water quality problem
than the lower DO values resulting from the oxidation of the sulfides
(21)
Under certain conditions, free sulfide concentrations within
tidal flat waters were measured at concentrations of approximately
1 mg/i even within waters containing 4 mg/i or more of dissolved
oxygen (9).These levels of free suifides will most likely be quite
harmful to many desirable species (ll)(21).The presence of silt
and clay particles, large amounts of organics within the deposits,
111shallow water depths, available sulfates, low dissolved oxygen
concentrations, poor drainage and low water velocities all appear
to contribute to higher concentrations of free sulfides within the
overlying waters.
It is intended that continued research employing a feedback
between experimental and mathematical model results will better
define the extent arid significance of free sulfide release and the
conditions contributing to this release.
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112GENERAL BENTHAL DEPOSIT MODEL
General
In this section, a model is developed whichmore closely describes
the processes illustrated in Figure 2 than did previous models.Several
principal assumptions used in the model are listed below.
1.The model will be one-dimensional; considering only
variations in the vertical direction.
2.The model will assume an equilibrium between sorbed
and non sorbed materials.
3.The model will assume an initial distribution of
organics and no addition of total organics will be
included.The addition of organics through settling,
primary production and other sources will later be
included as an expansion of the model.
4.It will be assumed that adapted microorganisms are
available to carry out biological reactions. In
addition, substances which effect biochemical reactions
but are not included within the modelare assumed to
have a constant influence.
5.As in all models, many different substances will be
grouped into large catagories.As an example, soluble
organics will be grouped into two catagories (degradable
and nondegradable).If necessary, these groupings may
be further broken down.
6.Several additional assumptions can be observed by
inspection of the model.Because of assumptions 2
and 4, the model will better describe slow, long term,
variations than sudden, short term, variations.
General Notation
The following general notation will be utilized.
1.G proceeding a second symbol will signify a rate change
per unit volume of water.The second symbol, following
the G, will define the substance changing.
1132.R will signify a maximum rate for a particular reaction,
assuming no limiting materials and no inhibition.Sub-
scripts on R will define the particular reaction.
3.The star superscript (*) will signify a coefficient
pertaining to an aerobic reaction.
New specific notation will be defined as the model is developed.
Organic material will be quantified by the COD through a different
measury may later be needed due to measurementdifficulties.
General Description of Soluble Materials
Consider a vertical section of deposit and overlying waterof
horizontal area A.Positive depth z, is measured from the water
surface downward.Taking a mass balance on a slice of depth dz
within the deposit leads to
(AndzSt)
F. F+ n(GS')Adz) (2)
1 0
in whichnis the fraction of the deposit filled with water,St is
the concentration ofa soluble substance, F.is the total flux of
1
this substance into the slice, Fis the flux of the substance out
0
of the slice and (GS') is the sum of the additionand removal rates
per unit volume of water of S'within the slice.
The flux of St due to advection and dispersionis taken as
F = 0Am + UAmS'
St Z
(3)
in which D, is the vertical dispersioncoefficient for St, U is the
vertical velocity (positive downward)and m is the fraction of A
open to diffusion andconvection.Let
114F= F.+ (4) 0 1
Substituting equations (3) and (4) into equation (2) leads to
(AnS') (D5tAmS'/z) (UAmS')
+ n(GS')A (5)
Assuming A to be constant with distance and time andn to be constant
with time reduces equation (5) to
1(D5tm(S'/z) (UmS!)
+ (GS') (6)
which is taken as the general equation for a soluble material within
the vertical slice.Equation (5) can be used within both the deposit
and the overlying water.In the overlying water n and m will equal
unity, while both will have lower values (approximately 0.4) within
the deposit.In addition, will be substantially greater within
the overlying water.
General EQuation for Insoluble Materials
For the present, no insoluble materials will be included inthe
overlying water.Thus, following a similar mass balanceas above,
one obtains the general equation for insoluble materials shown below
It
(GI') (7)
in which I' is the concentration of the insoluble materials and
(GIt) is the sum of thesources and sinks of insoluble materials at
a particular depth.
115Promoters and Inhibitors
The primary differences between the various substances included
in the mass balance will be expressed in the terms (GSfl and (GI').
Differences in Ds, may also be expected particularly when dispersion
is reduced tO molecular diffusion.
Reaction rates which determine (GS') and (GI') will be determined
by the concentrations of two types of substances; substances which
promote the reaction and substances which inhibit or retard the re-
action.
As an example, DO would promote aerobic biological reactions
and inhibit anaerobic biological reactions.Let P be the concentration
of a substance which promotes the reaction while I is the concentration
of a substance which inhibits or retards the reaction.
Considering a unit volume of water, biological reaction promotion
will be expressed by the common Michaelis-Mention equation shown below.
G = (8)
in which G is a given reaction rate per unit volume of water, R is
the maximum reaction rate which occurs when P is large, and Kis the
concentration of P when G equals one half R, assuming no other pro-
moters or inhibitors reduce the reaction rate.A star (*) superscript
will denote K values applicable to aerobic reactions.When multiple
promoters occur equation (8) will be expanded to
\I P\I P
1 2 11 n
+P )(K +P IlK+P
p2l/\ p22/\p n
116Promoters will generally classified into substrates and hydrogen
acceptors.
Inhibition of a biological reaction will presently be expressed
by the equation
G-R(l
i
F1+I) (10)
in which F1 is the concentration of I at which the reaction isre-
duced by one half.The sharpness of the inhibitor effect can be
adjusted by raising I and F1 to higher powers.In the following
presentation of equations, higher powers will not be shown.That is,
equation (10) will be used as shown for the sake of simplicity.It
is anticipated that a better method of including the effect of in-
hibitors will be developed as the system is better understood.For
the present, however, equation (10), with higherpowers of I and F1
used as needed, will serve to describe the inhibitor effects.
Insoluble Organics
The source and sink term for insoluble organics is given by
GIG = (GIG)1 (GIG)2 (11)
in which (GIG)1 is the aerobic breakdown rate of insoluble organics
and (GIG)2 is the anaerobic breakdown rate of insoluble organics.
The following equations will be applied.
R*
(
b*I0 U
(GIG)1
10K0 + b*I0 K0 + 0
1
F+
(12)
blO U S (GIG)2 = R10
( K10
F
1
F5 + s )
0
117in which 0 is the concentration of dissolved oxygen, S is the concen-
tration of free sulfides, 10 is the concentration of insoluble organics
and b is the fraction of the insoluble COD that can be broken down.
Soluble Organics
The source and sink term for soluble organics is given by
(GSO) = f(GIO)1 + f*(GIO)
(GSO)1
(GSO)2
(GSO)3
(13)
in which f is the fraction of the biodegradable COD remaining after
the conversion of insoluble to soluble, SO is the concentration of
soluble organics, (GSO)1 is the breakground rate of SO per unit volume
of water due to aerobic decomposition, (GSO)2 is the breakdown rate
of SO due to sulfate reduction and (GSO)3 is the breakdown rate of
SO due to other anaerobic processes.
The following equations will be applied
I SO
(GSO)1 = R50K*50 + SOK0O( F*5+
R'
(
SO SUL
(GSO)2
SOKso + SO KSUL +suL1F0+O)(1F's+
/ SO
(GSO)3 = R50
K %l
Fs+ F +0
0
(14)
118In which denotes the maximum rate of SO removalper unit volume
of water due to sulfate reduction whileRo applies to all other
anaerobic processes.SUL is the concentration of sulfates (SO4)
and describes the inhibition of S on sulfate reduction.
Sulfates
The reaction of sulfates is given by
(GSUL) = YSUL(GSO)2 (15)
in which
SULis the mass of sulfate utilizedper mass of COD oxidized
by sulfate reduction.It is assumed that the source of SUL resulting
from the biological and chemical oxidationof sulfides can be ignored
when compared to the dispersion of SULdownward.
Sulfides
Let
(GS)
's
(GSO)2
+ Y'
(GSO)3
(GS)1
(GS)2
(GS)3
(16)
in which is the mass of sulfides releasedper mass of COD removed
through sulfate reduction, is the mass of sulfide releasedper
mass of COD removed anaerobically (non sulfate reduction),resulting
from the sulfur within the organic materials(putrification), (GS)1
is the loss rate of sulfides (S)per unit volume of water due to
the chemical reaction with DO, (CS)2 isthe removal rate of S due
119to the anaerobic photosythetic sulfur bacteria and (GS)3 is the
removal rate of S due to the aerobic autotrophic bacteria.
The following equations will be applied
(GS)1 =p(0)(S)
R'
(
S)/L
(GS)2
S +s(KL+L F0
(17)
R*f S
\(O
(GS)3=SK5+S)K0O)
in whichpis the second order coefficient for the chemical oxidation
of S and L is the light intensity.
Dissolved Oxygen
Let
(GO)= -(l-f)(GIO)1
- (GSO)1
Yos(GS)i
Yso(GS)3
(18)
in which is the mass of 0 utilized per unit mass of S chemically
oxidized, and is the mass of 0 utilized per unit mass of S
oxidized by aerobic sulfur bacteria.It is assumed that the COD
loss in the anaerobic solubilization would result in an insignificant
loss of 0.
120Combined Equations
Equations (6) through (18) combine to form a model ofan
estuarine benthal system.All of these equations may be included
both within the interstitial water and within theoverlying water.
Interstitial and overlying water differ principally by thevalues
of D, n, and m.The lower boundary will likely be relective,
while the upper boundary condition at thewater surface will be
relective except for gases which transfer between thewater and the
atmosphere.
The model serves to quantitivelyexpress concepts concerning
the processes that occur within an estuarine benthalsystem.The
limitations of the concepts of courseare not removed when these
concepts are put in mathematical form.Thus, proper use of the
model involves a continual evaluation of its limitations.The model,
hopefully, will permit one to developnew concepts which arise by
the interaction of the basic concepts from which themodel was built.
Sensitivity studies with the model will eventuallyserve to estimate
which factors have the greatest influenceon behavior of the benthal
system.The model can thus indicate where experimental effortmight
most profitably be exerted.Ultimately, it is anticipated that the
model will serve to describe (through probablynot to a high degree
of accuracy) the benthal response toa given environmental change,
be it man-made or natural.
Finite-difference procedures (22) will be usedto obtain ap-
proximations to the solutions of equations (6) through(18). At the
121present date, the complete model has not been progranimed, though
portions of the model have .Currently, experiments are being con-
ducted to better define the processes expressed within the model;
particular attention is being devoted to reactions (Gb)2, (GSO)1,
(GSO)3, and (GS)1.As a result of model, laboratory and field
experiments, the model will likely change as the benthal system is
better understood.In particular, micronutrients may play a significant
role in controlling biological reactions.As an example, lack of
iron within the depths of the deposit my decrease sulfate reduction.
If this is found to be significant, inclusion of iron within the
model may be necessary.In addition, certain soluble organics may
not be directly available to the sulfate reducing bacteria.Conversion
of these organics to more available forms may be necessary.At present,
it does not appear advisable to further divide the organics into two
or more soluble components though this possibilitywill be considered
as more experimental results become available.In the modelpresent
form,certain complex soluble organics which are not available to the
w
sulfate reducing bacteria may be included within the insoluble organics
component.
122SUMMARY
The use of mathematical models in conjunction with field and
laboratory experiments for the study of estuarine benthalsystems
was discussed.The importance of dissolved oxygen and free sulfides
was stressed.A mathematical model which includes important aspects
of the benthal system was presented.it is intended that use of
this model along with field and laboratory studies will leadto a
better understanding of the estuarine benthal system and inparticular,
the influence of man's activities on this system.
AC KNOWLEDGMENTS
The research reported herein is supported by the Environmental
Protection Agency, United States Department of the Interior,through
Research Grant No. 16070 DGO.Acknowledgment is also given to
Mr. Alan E. Ramm and Mr. Paul E. Peterson, whoare serving as
research assistants.
123REFERENCES
1. Hardin, G., "The Competitive Exclusion Principle." Science,
131, 3405 (1960).
2.Hedgpeth, J.W. and Gonor, J.J., "Aspects of potential effect of
thermal alteration on marine and estuarine benthos,"
Biological Aspects of Thermal Pollution, edited by Krenkel, P.A.
and Parker, F.L., 80 Vanderbilt University Press, Vanderbilt
University, (1969).
3. Hutchinson, G.E., "The lacustrine microcosm reconsidered,"
Anerican Scientist, 52 (334), (1964).
4. Bella, D.A., "Subtle Aspects of Ecosystem Management,"
unpublished paper. (1970).
5. Hutchinson, G.E., Concluding remarks, Cold Spring Harbor Symposia
on Quantitative Biology, 22, 415, (1957).
6. Whittaker, R.H., Dominance and diversity in land plant communities,
Science, 147, 250 January 15, (1965).
7. Martin, D.C., "The Effect of Mixing on the Oxygen Uptake Rate
of Estuarine Bottom Deposits."Masters Thesis.Corvallis,
Oregon State University, (1969).
8.Crook, G.R.,"In Situ Measurement of the Benthal Oxygen Require-
ments of Tidal Flat Deposits." Masters Thesis, Corvallis,
Oregon State University, (1970).
9. Bella, David A., Alan E. Ramm and Paul E. Peterson."Effects
of tidal flats on estuarine water quality."Thirty-
seventh annual meeting, Pacific Northwest Pollution Control
Association, Victoria, B.C. (1970).(Also submitted to
Jour. Water Poll. Control Fed., Publication pending).
10.Bella, David A."Progress Report - Tidal flats in estuarine
water quality analysis," Dept. of Civil Engineering, Oregon
State University, December 31, 1970.
11.Fenchel, Tom,"The Ecology of Marine Microbenthos. IV.
Structure and function of the benthic ecosystem, Its
chemical and physical factors and the microfauna communities
with special reference to the ciliated protozoa."Ophelia,
6,1(1969).
12412.Baas-Becking, L.G.M., and Wood, E.J.F., "Biological Processes in
the Estuarine Environment. I-Il, Ecology of the Sulfur Cycle."
Proc. K. Ned. Akad. Wet, Sect. B., 59, 109 (1955).
13.Foree, Edward G., and McCarty, Perry L., "The Rate and Extent of
Algal Decomposition in Anaerobic Waters."24th Annual Purdue
Industrial Waste Conference, Purdue University, Lafayette,
Indiana, (1969).
14.Cline, Joel D. and Richards, Francis A., "Oxygenation of Hydrogen
Sulfide in Sea Water at Constant Salinity, Temperature and
pH," Environ. Sci. Tech., 3 (9), 838 (1969).
15.Ostlund, H.G. and Alexander, J., "Oxidation Rate of Sulfide in
Sea Water, A Preliminary Study."Jour. Geophys. Res., 68,
3995 (1963).
16.Chen, K.Y. and Morris, J.C., "Oxidation of Aqueous Sulfideby
02: General Characteristics and Catalytic Inf'luence."
Proceedings of the 5th International Water Pollution
Research Conference, Pergamon Press Ltd., Oxford, England,
in press.
17.Avrahami, M. and Golding, R.M., "The Oxidation of the Sulfide
Ion at Very Low Concentrations in Aqueous Solutions,"
Jour. Chem. Soc. A, 647 (1968).
18.Connell, W.E. and Patrick, W.H. Jr., "Reduction of Sulfateto
Sulfide in Waterlogged Soil."Soil Sci.Soc. Amer. Proc.,
33, 711 (1969).
19.Servizi, J.A. Gordon. R.W. and Martens, D.W., "MarineDisposal
of Sediments from Bellingham Harboras Related to Sockeye
and Pink Salmon Fisheries."International Pacific Salmon
Fisheries Commission Progress Report, No. 23, (1969).
20.Taylor, W.R., "Light and Photosynthesis in IntertidalBenthic
Diatoms."Flelgolonder Wissenshaftich Meecresunters, 10, 29
(1964).
21.Colby, P.1., and Smith, L.L. Jr., "Survival ofWalleye Eggs
and Fry on Paper Fiber Sludge Deposits in RainyRiver,
Minnesota," Trans. Am. Fish Soc., 96, 278, (1967).
22.Bella, D.A., and Dobbins, W.F., "Difference Modelingof Stream
Pollution." Jour. Sari. Engr. Div., Proc. Amer. Soc.Civil
Engr., 94, SA5, 995 (1968).
125Remote Sensing Acquisition of
Tracer Dye and Infrared Imagery
Information and Interpretation for
Industrial Discharge Management
by
J. R. Eliason, D. C. Daniels, and H. P. Foote
Pacific Northwest Laboratories
A Division of Battelle Memorial Institute
P. 0. Box 999
Richiand, Washington99352
ABSTRACT
Techniques have been developed at Battelle-Northwest to predict de-
tailed patterns of waste movement in surface water by digital modeling
techniques utilizing data collected from an aerial platform.Data is
collected from a light aircraft flying at speeds greater than 100 miles
per hour.Systems have been developed to conduct tracer dye tests with
a sensitivity to "1 ppb and to map temperature patterns with0.5°C accu-
racy.Techniques for computer reduction of the data collected have been
developed.Data collected with the aerial imaging system is presently
being utilized for computer model verification and input.Output from the
models is in the form of isoconcentration or isothermal plots of the pollu-
tant distribution with time in the water body.This information is in-
valuable for assessing the environmental impact of wastewater discharges
and for providing data needed for industrial plant siting.
126INTRODUCTION
Innumerable tracer and thermal studies of surface waters
have been conducted to determine the dynamic parameters of
water bodies.These studies in the past have relied primarily
on contact sampling devices and aerial photography for quan-
titative and qualitative evaluation of the tests.In areas
where rapid dynamic changes within the water body are taking
place, it has been impractical to attempt to obtain enough
measurements during a single test to quantitatively define
the system characteristics.Remote sensing systems developed
over the past several years are now able to provide the
coverage necessary to conduct detailed studies of these
dynamic changes which must be considered in evaluation of
127an industrial site.Limitations on discharge of industrial
wastes into surface water bodies of all types are now being
imposed by state and federal regulations which may be
severely limiting because of lack of ability to accurately
predict the impact of waste discharges on the environment.
Advanced remote sensing systems developed by Battelle-
Northwest are now capable of providing information on diffu-
sion and dispersion of tracer dyes and accurate measurements
of thermal patterns which are valuable input forevaluating
existing industrial waste discharges and proposed industrial
sites.This type of information will provide a sound basis
for evaluating the effects of existing sites and will pro-
vide invaluable data needed to evaluate the impact of pro-
posed sites.
Remote sensing systems used to collect data are mounted
in a Cessna 206 aircraft.These systems include a dual
channel optical mechanical imaging system operating in the
visible spectrum for collection of tracer dye data, a single
channel optical mechanical imaging system operating inthe
far infrared spectrum for collecting two-dimensionalsurface
thermal data and an infrared radiometer operatingin the far
infrared spectrum for collecting radiometric temperature
traverses.Data from these systems is recorded on a wide
band magnetic tape recording unit for subsequent computer
analysis.A block diagram of the aircraft and dataanalysis
systems is shown in Figure 1.Output can be obtained as
isothermal or isoconcentration plots produceddirectly by
128AIRCRAFTSYSTEMS
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FIGURE 1.Block Diagram of Aircraft and Data AnalysisSystemsthe computer or the data can be output on digital tape,
paper tape, or computer cards for subsequent computer
analysis.
Subsequent analysis of the above described data yields
input which is necessary for computer simulation of the
temperature or concentration fields that would exist in the
vicinity of an industrial effluent discharge.From the
remotely sensed dye concentration data, lateral and longi-
tidinal eddy diffusivities are calculated.A computer pro-
gram has been written to solve the equations of motion in
simplified form and output from this program is the predicted
current velocity field in the vicinity of the plant effluent
discharge outside the turbulent mixing zone caused by momen-
tum and buoyancy of the effluent jet.Dye velocity measure-
ments, taken during dye studies, are compared with the
predicted velocity field for verification.
Within the turbulent mixing zone due to the momentum
and buoyancy of the effluent jet, a separate jet model is
used to predict the temperature or concentration and velocity
fields.These temperatures or concentrations and velocities
are used as boundary conditions in the simplified equations
of motion and in the water transport model.Final output
is in the form of predicted isothermal or isoconcentration
plots that can be used for advanced planning and determina-
tion of the effects of the industrial discharge on the envi--
ronment.Also temperature or concentration surfaces can be
projected on paper for qualitative evaluation.
130REMOTE SENSING INSTRUMENT SYSTEMS
Remote sensing systems developed by Battelle-Northwest
are now capable of providing data on diffusion and disper-
sion of tracer dyes and accurate measurements of thermal
patterns.The basic data collection system is an optical
mechanical scanner which is operated from a light aircraft.
Data is recorded directly on magnetic tape which can be
input to a computer system for analysis.Output can be
obtained as isothermal or isoconcentration plots produced
directly by the computer or the data can be output on digi-
tal tape, paper tape, or computer cards for subsequent
computer analysis.
The optical mechanical imaging systems scanan area
normal to the aircraft flight path and 45 and 60 degrees
either side of nadir.Figure 2 shows a typical scanner
sweep path and the instantaneous field of view of the scan-
ner, illustrating the relationship of the scanning system
to the ground.Figure 3 shows a generalized diagram of
an optical mechanical imaging system.This system consists
of several basic units.The control and recording unit
consists of a magnetic tape recorder section that records
the signal (and other synchronizing pulses) generatedin
the systems.The system monitor and control section displays
the signal on an oscilloscope for visual monitoringpurposes.
The intensity-modulated film recorder sectionuses the signal
to modulate the intensity of an oscilloscope that sequenti-
ally scans and produces an image of the surfaceon film with
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FIGURE 3.Optical Mechanical Imaging System
AIRCRAFT
FLIGHTPATHthe position on the film corresponding to the scanner's
position on the surface.The radiation conversion unit
consists of a detector (photomultiplier or infrared detector)
that responds to the radiation (fluorescence or radiant
energy) to produce a signal that varies in amplitude with
variations in the radiation intensity, and a pre-amplifier
which amplifies the output of the detector.The scanning
unit consists of a rotating mirror system that scans a
segment of the surface normal to the flight path, and an
optics system that collects and focuses the incoming radia-
tion on the detector.
The dye tracer system and the infrared thermal system
are passive systems which collect theelectromagnetic radia-
tion emitted by the fluorescent dye due to solar pumping
and the long wavelength electromagnetic energy emitted by
objects due to their temperature.The basic scanner is
used in both systems with the dye system utilizing photo-
multipliers for the detectors and the thermal system having
a photoconductive long wavelengthdetector sensitive to 8
to 14infrared radiation (mercury cadmium telluride).
Optical mechanical imaging systems normally have a
nonlinear ground scanning rate due to the scanner rotating
at a constant angular rate.The relationship of the alti-
tude to the distance from the center line ofthe scan is
D = h Tan 0, where D is the distancefrom the center line
and h is the altitude (Figure 2).The output plots produced
by the computer system are rectified to accountfor this
134factor.General radiation intensity patterns are not changed,
but the removal of the distortion allows overlays to be made
for direct comparison to maps of the study area which aids
in interpretation of the data.
The systems are being flown in a light aircraft.
Figures 4 and 5 show the imaging head and the system monitor
and control unit installed.One of the primary sources of
distortion in data collected with an optical mechanical
imaging system is the instability of the aerial platform
itself.Using light aircraft, it has been necessary to
correct the imagery for aircraft roll.This is achieved
by recording the output of a vertical reference gyro on one
track of the magnetic tape.In the computer analysis of the
data, the roll compensation signal is used to displace the
scan lines in proportion to the aircraft roll.An example
of roll compensated and uncorapensated imagery is shown in
Figure 6.
Thermal Imaging System
The thermal imaging system consists ofan optical mechan-
ical imaging system equipped with the long wavelengthmercury
cadmium telluride detector which providesa temperature sen-
sitivity to <0.5°C, a magnetic tape recording system, and
computer data analysis programs.Data collected with this
system is representative of the near-surface, <0.1mm, tem-
peratures.A complete two-dimensional pattern is collected
as the aircraft traverses the target area.The optical
resolution is dependent on aircraft altitude witha system
135T
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pdivergence of <3 milliradians which would limit the instan-
taneous field of view to approximately a 3 foot diameter
spot at 1,000 foot altitude.In order to quantitatively
evaluate the imagery, it is necessary to collect surface
temperature measurements during each survey.These measure-
ments are then used to scale the signal level during the
data processing sequence.The computer generated plots of
the data are coded isothermal levels (Figure 7) which can
be individually identified even in the complex patterns
which develop near thermal discharge points.Also the mag-
netic tape record can be used to produce intensity modulated
two-dimensional images of the thermal patterns (Figure 8).
Tracer Dye Imaging System
The tracer dye system as it is presently being operated
consists of a dual channel optical mechanical imaging system,
a magnetic tape recording system, and a computer data analy-
sis program (Figure 9).The optical mechanical imaging
system developed for the dye surveys is a dual channel sys-
tern utilizing a branched fiber optic light guide to divide
the incoming radiation into the two channels (Figure 10)
Narrow band pass filters in the imaging system are centered
at the fluorescence emission maximum for the tracer dye and
for a reference at longer wavelengths beyond the fluorescence
emission of the dye.Data from the fluorescence channel is
corrected for reflectance variation by using the longer
wavelength reference channel.Figure 11 shows typical output
from the fluorescence channel A, reflectance channel B and
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FIGURE 7.Computer Generated Thermal IR Analysis
140FIGURE 8 Intensity Modulated Two-Dimensional Infrared Imaget
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FIGURE 11.Typical Signals Produced by the Dye Imaging Systemthe combined output C.Magnetic tape recordings of the data
are collected and processed by a computer program which pro-
duces a display of selected dye concentration ranges which
are individually coded (Figure 12).The computer generated
displays are rectified to correct for aircraft roll and
scanner distortion; also the displays are superimposed on
a reference grid and the integrated areas for each concen-
tration range can be printed out.The imaging system pro-
duces a signal which is proportional to dye concentration
and to which quantitative values are assigned from the field
samples which are collected at the surface and with depth.
These samples provide a point measurement of the dye con-
centration and an estimate of the depth of the dye.In the
analysis sequence, an effective depth for each survey time
is inpi.it and, based on the amount of dye released, a mass
balance is calculated.The mass balance calculation and
field sample results provide a cross check on the dye con-
centration plots produced.Figure 13 diagrams a typical
dye release, the sampling technique, and the effective depth
which would be used in the analysis sequence.
Several advancements over presently avdilable instruments
conducting dye tracer studies have been achieved with the
system.The two-dimensional scanning provides essentially
real-time coverage of a dye plume in that a complete survey
of the plume can be obtained in the time (several seconds)
required to fly the length of the plume.This can be con-
trasted to the need for collection of innumerable samples
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Pattern and Sampling Techniques
EFFECTIVE
DEPTHfrom surface vessels during an ever changing dye pattern.
Concentration patterns derived from directly sampling the
dye plume are limited by the lack of detail necessary to
evaluate detailed current dynamics and dispersion.Initial
studies indicate that a high signal-to--noise ratio can be
obtained at very low dye concentrations using rhodarnine or
fluorescein dye as the tracer.This system eliminates the
need for using radar tracking or other aerial navigation
aids in that the imagery produced provides a detailed picture
of shoreline features or other landmarks (e.g., nearshore
roads, buildings, jetties, etc.).On open waters, reference
buoys and boats have been used as navigation aids.Correla-
tion of surface samples to data can be achieved by relating
the scanner signal level at the boat, which can be identi-
fied, to themeasured sample concentration.The system
has been operated under various weather conditions with the
only limiting requirement being uniform lighting of the dye
plume.Cloud ceilings as low as 500 feet have not limited
the system's operation.The system's sensitivity would be
affected by extremely heavy cloud cover which would signi-
ficantly lower the overall daylight level.
Computer Analysis System
The computer system serves to simplify the analysis of
recorded data and facilitate presentation of the information
in an understandable and usable fashion.The recorded analog
signals for video, sync, and roll are input to the digital
computer by use of analog to digital converters.From 600
148to 800 points are digitized in each recorded scan line
depending on the fraction of the scan line containing infor-
mation of interest.For example, if a dye patch occupied
only 100 of the field of view, only that part of the scan
line would be digitized.Additionally, the program uses
aircraft altitude and speed to calculate the number of scan
lines that must be averaged for processing.The same infor-
mation is used to determine the spacing for the background
reference grid (Figure 12).This grid size may be varied
over a wide range, but is always calculated to match the
scale of the display.
After the correct number of scan lines have beenaver-
aged, a correction is applied to correct for the distortion
caused by the constant angular scanning rate of thescanner.
For example, a 5° portion of the field will representa
larger distance when the scanner is lookingnear the horizon
rather than directly below the aircraft.The correction is
incorporated through a weighted averaging method.The
averaged scan line is reduced to 133 points each of which
is at one of 15 levels proportional to the signal level.
This form of the line is stored on a magnetic drummemory.
The process continues until the desired surfacearea has
been recorded by analysis of the appropriate number ofscan
lines.
At this point, the results can be viewedon a high
resolution memory oscilloscope.If a dye signal is being
processed, the computer calculates the totalmass of dye
149based on an effective depth for the patch.This check main-
tains a mass balance on the dye between time planes.
An editing program is available for adding or removing
features desired on the data displayed on the oscilloscope.
For example, land areas can be edited into the display to
provide actual reference features in the final output.The
processing is then complete and the picture ready for printing.
There are three forms of output available.The first
output utilizes a number of different patterns to represent
either temperature levels or dye concentrations (Figures 7
and 12).The patterns are chosen for maximum recognition
and also to have an alternating density.Thus, one level
would tend to be light and the next dark.This variation
facilitates differentiation of one level from the next.By
using a unique pattern for each level, it is possible to
determine the level of every point in the picture.Addition-
ally, there is a background grid for reference which does
not overlap the character patterns.The second output form
is a standard contour plot.The contour levels may be iden-
tified by overlaying this map on the pattern coded output.
The contour map can be produced in two views that form a
stereo pair.In this form, it is easy to distinguish the
contour levels viewed in stereo even with complex patterns.
The third output form is similar to the first but uses
density coded characters.The higher levels are darker
producing a picture similar to a normal photograph.All
three outputs are in the same scale and may be overlapped
in any combination.
150In addition to the pictorial type of output, the char-
acter types are printed along with their levels.The number
of characters at each level is listed and the total area at
each level is printed.The altitude, speed, heading, grid
scale, time of flight, and location are also listed (Figure 7).
Intensity modulated pictures can be produced from the
recordings for qualitative evaluation of the data (Figure 8).
This type of display provides detail which is not apparent
in the computer generated displays.Particularly in the
case of infrared, it is often interesting to see the fine
structure of the temperature variations.Oblique projection
of the thermal surface can also be made (Figure 14).These
provide a quick qualitative feeling for the relative signi-
ficance of the temperature variations.
THE WATER TRANSPORT SYSTEM
The water transport system is used to predict the tem-
perature or concentration patterns that would exist in the
vicinity of an industrial discharge and is based on the
concept depicted in Figure 15.Modeling the temperature or
concentration and flow distribution in the region affected
by effluent jet momentum and buoyancy is done withan outfall
jet plume model developed by D. S. Trent1.The velocity
boundary conditions from this model are input toa potential
flow model responsible for predicting the flow field in the
1Baumgartner, D. J., and D.S. Trent."Ocean Outfall
DesignPart I, Literature Review and Theoretical
Treatment."U. S. Department of the Interior, Federal
Water Quality Administration, April 1970.
151FIGURE 14.ObLique E'rojectiOfl ot an IR Image Collected Over a keaeLo
Discharge Into the Columbia River
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FIGURE 15.The Water Transport Systemregion affected by the industrial discharge together with
external boundary conditions, ambient currents, and cooling
water flow.The velocity field calculated by the potential
flow model is input to the transport system together with
diffusion coefficients calculated from remotely sensed dye
data and climatology.This transport system is responsible
for predicting the temperature or concentration field due
to the input conditions.
This water transport system is based on the mass or
energy conservation equation described conceptually in
Figure 16.This equation states that the rate of mass or
energy entering a system less the rate of mass or energy
leaving a system must equal the rate of accumulation of
mass or energy within the system.
Now if the system is treated as a block as shown in
Figure 1, the conservation equation can be written.When
this block is reduced to infinitesimal size the conservation
equation becomes
as as as = -uvV +D.+Dy4+ St (1)
ax
which includes convective, diffusive, and source terms for
a two-dimensional, transient system with variable velocity
field.Equation 1 cannot be solved analytically for a vari-
able velocity field, but has been solved numerically by
writing in finite difference form using an alternating direc-
tion implicit algorithm.A detailed description of this
154U,
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FIGURE 16.Mass or Energy Balance on a Cellalgorithm is given in a recent publication by Oster, Sonnich-
sen, andJaske2.
The system to be modeled is divided into a set of cells
by a rectilinear grid system and the finite difference
algorithm is applied to each cell.The assumptions neces-
sary to write Equation 1 in finite difference form include:
Velocity is constant across a cell face
Eddy diffusivity is constant within the system
All internal source or sink terms can be
described by St
Turbulent diffusion is treated analogous to
microscopic diffusion but on a larger scale.
Determination of Input Parameters for the Water Transport System
In order to solve Equation 1, eddy diffusivity and
velocity must be known for the system.The velocity field
may vary in time and space; the diffusivity field is assumed
to be constant with respect to time and space.Eddy diffusi-
vity data are obtained from the remotely-sensed dye tracer
data and velocities are calculated from the equations of
motion, using measured dye plume velocities to check these
calculated velocities.
The lateral and longitudinal eddy diffusivities are
calculated directly from the remotely-sensed dye concentra-
tion data as previously described.This is done by assuming
the dye plume is vertically homogeneous and that the
2Oster, C. A., J. C. Sonnichsen and R. T. Jaske.'tNumeri-
cal Solution to the Convective Diffusion Equation,"
Water Resources Research, Vol. 6, No. 6, pp. 1746-1752,
December 1970.
156concentration patterns follow a bivariate normal distribution
in the lateral and longitudinal directions.The second
assumption implies that the dye disperses according to the
conservation equation described by Equation 1.If the
velocity components and eddy diffusivities are assumed
constant with respect to spatial coordinates and time, the
conservation equation has an analytical solution
Wd
{1/2Ix-ut\
2(_vt\ 211
(2) S=27Ica exp - a) xy x, \y) jj
where a= /2 D t (3) x x
a =/2Dt (4)
y y
and S refers to dye concentration.
The eddy diffusivities can be calculated by examining
changes in the dye plume concentrationas it moves and dis-
perses with time.For example, by following a dye plume
and obtaining successive detailed dye concentrationpatterns
in time* with the remote sensing instruments, theeffective
average eddy diffusivities responsible for dispersal of the
dye plume between successive time planescan be calculated.
If the time difference between successive time planesis
short and the dye plume does not extendover too large an
area, the assumptions necessary to write Equation 2are
nearly satisfied.
*
Hereafter referred to as time planes.
157The eddy diffusivities can be calculated from variance
data obtained between adjacent time planes as
2 2
a a
D X2 X1
(5)
2(t2 t1)
2 2
a -a
D= yl (6)
2(t t1)
where subscripts 1 and 2 refer to variances calculated at
the first and second time planes, respectively.
The evaluation of the lateral and longitudinal variances
follows from the development of Equation 2 by Diachishin in
l963.By examining the isoconcentration lines within the
dye plume and measuring the surface areas of the regions
enclosed within each isoconcentration line, one can plot
the area versus the logarithm of the corresponding concen-
tration line enclosing the area as shown in Figure 17.
Examination of. the table accompanying each remotely-sensed
dye concentration pattern (as in Figure 12) will showthat
by summing the right-hand column (which tabulatesthe area
of each separate concentration range) andnoting the lower
limit of each concentration range, the aboveinformation is
immediately available.
Diachishin has shown that each graph of the abovedes-
cribed data should have a slope of -2 iraxay.For example,
a plot of some ofthese data is shown in Figure 18.With
Diachishin, Alex N."Dye Dispersion Studies," J. of the
Sanitary Engineering Division, Proceedings ofthe ASCE,
pp.29-49, January 1963.
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FIGURE 18.Dye Plume SurfaceArea as a Functionof Concentrationfurther information regarding the ratio of and a, which
is obtained from the overall length and width of the dye
plume, it is possible to calculate and for each time
plane represented.From these variances, longitudinal and
lateral eddy diffusivities can be calculated betweensucces-
sive time planes using Equations 5 and 6.
Generally accepted theories of transport phenomena in
turbulent systems (e.g., the Prandtl mixing length theory)
conclude that values of eddy mass diffusivity and eddy thermal
diffusivity are essentially the same for systems in which
the molecular rate of transport ofmass and heat are com-
parable in magnitude.This is true for water and, conse-
quently, the eddy mass diffusivities derived from dye data
are used directly in solving Equation 1 for mass concentra-
tion or thermal energy distribution.
The velocity informationnecessary to solve Equation 1
is calculated from a simplified set of equationsof motion.
At present, these simplificationsare based on the following
assumptions:
.
.
With th
written
Steady flow
Coriolis forces
Buoyancy forces
Frictional forc
Two-dimensional
se assumptions,
as follows:
are negligible
are small
s are negligible
lateral irrotational flow.
the equations of motioncan be
161lap
ax
=
ay
(7)
U- + axV- = ia
(8)
It can be shown that Equations 7 and 8 are satisfied by
V2= 0 (9)
where 4is a scalar potential given by
Ui = (10)
Velocities for the dye plume are calculated by measur-
ing the dye plume movement with time according to the follow-
ing equations
x- x1
u (11)
yl
v (12)
A diagram of this relationship is given in Figure 19.The
x and y coordinates are measured from an arbitrary origin
and represent the point in the dye plume with the maximum
concentration.These measured velocities are compared with
calculated velocities and boundary potentials are adjusted
until a reasonable comparison is obtained.
Modeling the Region Affected by Effluent Jet Momentum and
Buoyancy
The one region in the flow field that cannot be treated
with reasonable accuracy using the potential flow theory
described by Equation 9 is the region near the outfall where
considerable rotation, mixing, and buoyancy are associated
with a jet discharge of warm water.
162x
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FIGURE 19.Velocity Determination From Dye StudiesIn this region, the flow field is modeled with a two-
part outfall model and the results of this model areentered
as boundary conditions in thepotential flow field.This
two-part outfall model is composed of an initialmixing
model responsible for transporting the effluent waterfrom
the discharge to the surface or to the elevationwhere the
mixed jet density is the same as the ambient water.From
this point downstream the plume is treated as ahorizontal
wedge.
This initial mixing model is based on a similarity
solution of the conservation equations for ahorizontally-
discharged buoyant jet.Figure 20 illustrates this model.
Assuming an axially symmetric jet, the governingequations
for the jet are
Momentum along jet axis:
dE 3=SRsin0 (13)
Conservation of buoyancy:
= SE'3
dp *
____ (14)
dS
where
po-pj
Dilution:
S= 1/4E13S (15)
Angle of plume centerline trajectory:
-1 2/3
0 cos E cosO
e e (16)
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FIGURE 20.Horizontal Plume Issuing Into a Stagnant,
Density Stratified Fluidalong with the additional geometric relationships
dxcos 0 (17)
In Equations 13 and 14
dz sin 0 (18)
E(VS)3 (19)
R "(VAs2) (20)
The subscript j refers to the condition at the discharge
port, o refers to the receiving water at the portelevation,
and e refers to conditions along the plume centerline where
flow is completely established.
Beyond this initial mixing model, the water is treated
as a horizontal wedge moving at theelevation of its equilib-
rium density.
In this wedge jet, the plume relationships are
3.16
V= (21)
S = 0.2/Z (22)
W = 0.43x (23)
Q = 263v'x (24)
This wedge jet is carried to an arbitrary distance
(1500 ft) beyond the point where the axiallysymmetric jet
reaches its equilibrium elevation.The velocities around
this wedge jet and the temperatures calculatedwithin this
wedge jet are used as boundary conditionsin the potential
flow model.
166Water Transport System Output
Using the eddy diffusivities calculated from the remotely-
sensed dye concentration data and the velocities calculated
with the simplified equations of motion andsource terms as
input to the finite difference form of Equation 1,mass con-
centrations or temperatures can be calculated fora particu-
lar problem.
An example is a simulation of the temperature distribu-
ti'on around a proposed industrial site.Figure 21 describes
the potential contours calculated around the outfallof this
plant located on the rectangular island.The streamlines
run normal to the potential contours and in the direction
of increasing potential.Figure 22 is a description of the
temperature excess isotherms calculated for thiscase.
Figure 23 is a two-dimensional projection of thethree-
dimensional temperature excess surface describedby tempera-
ture contour lines in Figure 22.To give some idea of the
scale in Figure 23, the long side of the island isabout
2800 feet long and the temperature spikenear the center of
the depicted surface is 3.5°C.
CONCLUSIONS
Advanced remote sensing systems being developedby
Battelle-Northwest are capable of conductingdetailed tracer
and thermal surveys of surface water bodiesnear existing
and proposed industrial sites.The detail obtainable far
exceeds that obtainable by field samplingor contact measuring
167C'
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0systems.Tracer dyes, fluorescein and rhodamine, have been
used in studies in fresh and salt water bodies.The use
of advanced remote sensing systems and computer analysis
techniques to conduct studies of surface water movement has
provided data which could not be collected by other techniques.
Data collected and analyzed by the systems developed at
Battelle-Northwest are versatile, providing displays which
can be used directly by engineers and scientists or the
data can be produced in a format whichcan be submitted
directly to advanced computer analysesor modeling programs.
The concentration and thermal data producedare being
analyzed to obtain lateral and longitudinal eddy diffusivi-
ties and velocity information.These data, together with
velocities calculated with a program used to solvea simpli-
fied form of the equations of motion,are input to a water
transport system capable of predicting temperatureor con-
centration fields that would occur due toan industrial
effluent discharge.
The direct use of data acquired with theremote sensing
instrument systems in conjunction with the predictivewater
transport system to simulate the water effects ofan effluent
discharge on a body has been accomplishedfor the first
time in the comprehensive system describedherein.More
advanced methods of utilizing the remotely-senseddata
and of modeling the water systemsare being developed.
171NOMENCLATURE
S Temperature or concentrationfield, °C or
ppm, respectively
t Time, seconds
D, D Eddy mass and eddy thermaldiffusivity in
the x and y directions,respectively, ft2/sec
Variances in the x and y directions,
respectively, ft
Wd Dye release parameter,ppm/f t2
S Distance along jet centerlinewhere not
referring to temperature orconcentration
field, ft
x, y,z Position coordinates directed east,north,
and vertically upwards from anarbitrary
origin
u, v, w or Velocity components in the x, yand z direc-
u1, u2, u3 tions, respectively, ft/sec
p Density, ibm/f t3
p Ambient density, ibm/ft3
p0 Density of receiving wateat intake or
outfall elevation, ibm/ft
Densityof effluent atdischarge port,ibm/ft3
V Averageaxial velocityin jet, ft/sec
Vm Axial velocity along jet centerline,ft/sec
Am Centerline plume velocity, ft/sec
W Plume width, ft
Q Jet flow,ft3/sec
172Legal Protection of the
Pacific Northwest Estuaries
by
Nelson H. Grubbe
Director, Regulatory Prograis
Northwest Region, Water Quality Office
Environmental Protection Agency
Portland, Oregon
OUTL INE
-Common law history of administrative regulation ofwater use.
-Restricted by statute and judicial guidelines,administration is primary
protector of estuaries.
-Federal role in standard setting-- E.P.A. goals...
-State and Federal water quality standards.Enforcement conference in
Puget Sound.Citizen suits.
-Ocean dumping policy dredging precautions.
-Proposed new legislation--
-N.E.P.A. clearly points theway to placing burden upon user toprove that
he is not abusing the estuary.Outlook favorable.
173There are forty or niore agencies that exercise somelegal
jurisdiction over the Pacific Northwest estuaries.But as one
TV commercial points out, "You are just polishingthe polish",
unless you use Brand X.The opportunity for duplication is tre-
mendous.The chances that no agency will make the importantde-
cision for protection are also present.The legal protection
available for Pacific Northwest estuaries is howeverencouraging.
Legal protection of estuaries does not mean that thewetlands
cannot or will not be used.Legal protection, at its best,
means enforceable rules to assurethat there will be no abuse.
The definition of no abuse, however, Ileave to this conference.
Legal protection can he no better than thescientific input upon which
it is based.Maybe non-use is the answer in manysensitive areas.
174Maybe there will develop out of this conference a new standard to
protect the estuaries of the Pacific Northwest.
Jurisdiction over the control and regulation of estuaries
has been a long and continuing struggle.It is going on today.
The privately-owned title to land, the rights of water use, the
police powers of the state, the constitutional powers of the Federal
government, all have engaged in the battle in the overall struggle
for jurisdiction.A newcomer to this battleground may be referred
to as the "concerned citizen" who is interested in his "public
rights".
The Federal role in regulating the nation's water has not
yet been clearly defined.The çublic interest, however, is re-
flected in the common law development over the past several years.
As a starting point,I would like to read a policy of the Board
of Trade, in Great Britain:
"In a country as crowded as England is, where the
preservation of every open space is of the highest im-
portance for the public health and enjoyment; in a mari-
time country, where facilities for navigation, for
fishing, boating, beaching, landing, and shipping are
essential to our trade and to the well-doing of our
maritime population it is of the greatest moment
thitthe control of the public and of the Government
over the bed of the sea and the strip of common which
lies between land and open sea should be preservedso
175that it may be used for thefurtherance of the important
interests above referred to, and sothat nothing may be
done with it which isinconsistentwith those interests.
To sell it to private personsbecause a high price is
offered, without reference tothose interests, would
be as absurd as it wouldbe to sell Dover pier or
to include or buildin the London Parks . . .
U
(Memorandum of Board of Trade,1866)
The Constitution of theUnited States placesconsiderable
power in Congressto regulatecommerce and toprovide for the
general welfare (ArticleI, Section 8).The early Acts by Congress
were based uponthe commerce clause.
Legal protection ofestuaries is not accomplishedby statutes
alone.Judicial interpretation on acase-by-case basis may
give us guidance butits application is oftenlimited.Legal
protection of our estuariesis accomplished forthe most part
by administration ofstate and Federal programs.The administrative
agency is theprotector.The administrative agencymakes the
decision that spells wise use ordumb abuse. Recent examplesof
the effects of theExecutive Branch uponestuaries are President
Nixon's order establishing aFederal permit systemand Governor
McCall's order banningconstruction on the coastwhich might
block estuaries.
Administrative decisionshave, by far, the greatestimpact
upon theregulation of the use ofthese sensitive areas.The
176treatment requirements in a municipal system before approving
a grant; the criteria established for the protection of shellfish;
the anti-degradation policy of each state to protect pristine waters.
All of these decisions made by the administration have a direct
and sometimes drastic effect upon the estuaries.
Out of the forty agencies I mentioned that have a concern
for estuaries, the Environmental Protection Agency stands out.
This agency, formed in late 1970, is charged by Congress
with the administration of the laws relating to noise, air,
pesticides, radiation,solid waste and water.It has transferred
people and responsibility from 15 other programs.Its purpose
is to better analyze and regulate the environmental forces in
these six fields.E.P.A. administrators, with your help, will
set rules and regulations for the wise use and not abuse of
estuaries and other resources.
This agency is in the forefront of the revolution described
by President Nixon in his recent State of the Union Message.
That revolution is crying out that the smokestack which was once
the symbol of community prosperity is now a monument of its pollu-
tion.That revolution is telling us that the economic benefits
that helped us overlook water quality degradation is no longer
strong enough to support the continuation of pollution.The voice
of the people and the voice of this conference tell us the same
thing -- we must find a new way to do business -- that the environ-
177mental ethics of the past, however valid they might have seemed
in the first half of this century, are no good for the Age of
Aquarius.Such a philosophy shapes the policies of this agency.
The regulation of water quality standards in interstate and
coastal waters is carried out by first establishing state and
Federal water quality standards, classifying streams, defining
criteria, and establishing implementation schedules.Classifica-
tion of water uses brings us to the Pacific Northwest estuary.
Waters valuable for shellfish propagation; waters used for fish
and wildlife purposes; water use of the ocean as it nay affect
the estuary.This is the area to be protected -- this is the
area where evidence of abuse haunts us daily.This is the area
of your concern.
Congress provided for the establishment of criteria, imple-
mentation plans and enforcement procedures in the Federal Water
Pollution Control Act of 1965 (33 usc 466).Under this Act,
the State of Oregon has established standards for the marine and
estuarine waters of the State.The criteria for water quality
provide that no waste discharge or activity shall cause the dis-
solved oxygen to fall below 6 milligrams per liter or cause
concentrations of coliforiii bacteria to exceed 70 MPN per 100 milliliters;
that the pH range remain between 7. and 8.5for shellfish waters
in marine and estuarine areas; that turbidity not exceed 5 JTU above
natural background, except during authorized dredging and that
temperature changes cause no adverse effect.
178The State of Washington has classified certainstreams as
AA Extraordinary.These are to receive the most stringentpro-
tection.Among other criteria, the total coliform organisms
shall not exceed 50 in fresh wateror 70 in marine water.D.0.
shall exceed 9.5 milligrams per liter in fresh water and7.0 mg/l
in marine water.Temperature ranges are specified not to exceed
60° F (fresh water)or 55° F (in marine water).
Alaska has established similar criteria for theprotection
of its estuaries.An interesting note on these standards relates
to water classified for growth and propagation of fish andother
aquatic life.The restriction on residues isNone alone or
in combination with other substancesor waste as to make receiving
water unfit or unsafe for the use indicated,except that no waste
oils, tars, grease or aninial fatsare permitted."
The Federal government has approved thesestandards --
The implementation and construction oftreatment facilities
is worked out on a case-by-case basis.Each municipality and in-
dustrial discharger was given notice of therequirements.The
large majority of these entitiesare well along on the preventive
job that must be done.
In Puget Sound we have worked long and hardwith the pulp and
paper industry.A State and Federal conference forenforcement
of the standards was held at the request ofGovernor Rosellini in
1962.Thereafter, a joint study of the effect of thepulp mills
was completed in 1966.This detailed survey i nd udeda number of
179different studies on the effect of pulp mill wastes onoysters
and oyster larvae, juvenile salmon, fish foodorganisms as well
as waste contribution andsludge bed distribution.The conference
was reconvened in 1967.The implementation plan is well under-
way but not without itsexceptions.A complaint was filed in the
U.S. District Court for the Western Districtof Washington
against Georgia-Pacific Corporation atBellingham.This effectively
reduced mercury discharges into the Sound.Litigation has been
recommended against ITT-Rayonier at Port Angelesbecause there
has been no agreement concerning the treatmentfacilities to be
installed.The legal protection of these waters has notbeen as
effective as we would like.The decisionof the administrator
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insist upon the highest and best practicabletreatment now known
to the industry.
In addition to the efforts of theState and Federal agencies,
two suits have been filed againstpulp mills in Puget Sound by
citizens who alleged a right under theRefuse Act of 1899.
One of these has been dismissedand one is now pending.Citizen
suits have been authorized in theClean Air Act of 1970 and
water standards may be the subjectof such suits if the proposal
now before Congressis enacted.
One of the practices thatcertainly has an impact upon
estuaries is the discharge of wasteinto the ocean.These dis-
180charges include industrial and municipalsources -- solid as
well as liquid.This practice has recently undergone extensive
studies by the Council on Environmental Quality, the President's
Advisor on Environment.In their report dated October, 1970,
several important recommendations were made:
(1) New legislation needed
(2) Ban unregulated ocean dumping of all materialsharmful
to the marine environment,
(3) High priority to protect the marineenvironment
which is biologically active; namely, the estuaries
and the shallows, nearshore areas in whichmany marine
organisms breed and spawn,
(4) Corps of Engineers should dredge highlypolluted areas
only when absolutely necessary.
The Federal Water Quality Improvement Act of 1970established
the current requirements for the handling of oil.Absolute
liobility for cleanup of oil spills has been legislated.(Up
to $14 million).A national contingency plan was established and
approved by the President in June, 1970.The most advanced
scientific knowhoof oil cleanup is assured.Teams have been
formed.Equipment has been centralized.The military-like
preparation has been made.Each Region has supplemented this
plan with 24-hour on-the-scene preparedness.We continue to have
serious oil spills but the calaini tycrew has improved.
181The requirementof the past year for the transportation of
oil has been considerably strengthened.Preventive measures have
been taken by the industry.Some evidence of this, locally,
is the sophisticated ballast treatment plant to be built at the
Southern terminus of the Alaska Pipeline.E.P.A. engineers
have worked on the specifications for this plant for some time.
As further evidence that the administrator makes the impor-
tant day-to-day decisions that protect our estuaries, we in the
Regional Office of E.P.A. work closely with the Corps of
Engineers in their dredging program and in their permit program.
The Columbia estuary, as well as many on the Washington
coast, require constant dredging to keep them free forcommercial
traffic.ThE.P.A. l&oratory here in Corvallis now conducts
many of the sludge analyses prior todredging.There is in my own
shop in Portland close review and cooperation in deciding upon
the disposal of cortaminated dredge spoils.From this conference
and others like it, we hope to assure the wise use of our
estuaries -- not dumb abuse.
Private dredge and fill operations can no longer bemade
as a matter of right.An important judicial announcement was
made in the case of Zabel vs. Tabb, 5th Circuit -1970.Tabb
was the District Colonel forthe Corps of Engineers at Jacksonville,
Florida.Zabel and others applied for a permit to dredgeand
fill navigable waters to develop a trailer park.Although no
182navigational harm could be shown, the Corps refused the permit
on the basis of the recommendation of the Department of the
Interior relating to damage to fish and wildlife habitat.The
U.S. District Court ordered the permit to be issued.The U.S.
Court of Appeals reversed the District Court and agreed with the
Corps that it need not issue the permit unless satisfied that the
requested activity would not harm the environment.Thus opened
wide the door for the Corps of Engineers to be influenced by
the sciences of environmental protection.
Under Section 13 of the Refuse Act, the President has
announced a Federal Waste Discharge Permit Program.This is
another effort at the Federal level to exercise broader juris-
diction and control over these sensitive waters.This program,
whereby the Corps of Enginrs will issue permits to each in-
dustrial discharger will be backed up by our water scientists in
E.P.A.The states will also have an opportunity to require
safeguardsso the time for indiscriminate uncontrolled devastating
pollution of the coastal waters is hopefully drawing to a close.
One of the high priority studies to precede a Section 13 permit
is now underway in the fish processing industry.The seagulls
may have to go further out for their gourmet dinners.
Congress has long recognized the need to give special
attention to estuaries.In August, 1968, (PL 90-454) they
authorized a study to be made directed to the need to protect,
conserve and restore estuaries.This Act recognized the interest
183of the states and urged cooperation between the Federal and
State agencies.This study, carried out by the Department of
Interior, was released in January, 1970.It is a 7-volume
work entitled National Estuary Study.The Federal Water Quality
Administration, then in Interior, also released early last year
three volumes entitled, "National EstuarinePollution StUuy.Most
of you here, no doubt, are familiar with these studies.
One of the most far-reaching and significant Congressional
Acts that will surely have a beneficial effect upon the care and
feeding of wetlands is the National Environmental Policy Act
signed by President Nixon on January 1 ,1970.I have provided
you with a copy of Section 101 of that Actwhich recites the
basic direction of public land and water management in the future.
The Act also requires all Federal agencies to consider the
environmental impact of their activities.This requirement should
be felt at the estuary level during the forthcomingpermit
program that will authorize the useof navigable waters for
industrial waste.Here again the decision of the Administrator
of E.P.A. in setting treatment requirements will bethe protection
to the resource involved.Certainly a heavy load in this case and
one in which we are franticallyseeking the technical answers
from you folks.
Now for a look at the legal protection inthe wings that
we can expect tomorrow.There has been introduced in the current
session of Congress a bill entitled "UationalCoastal and
184Estuarine Zone Management Act of 1971."The bill provides for
Federal aid in assisting states in management of these zones.
It also provides for authority to purchase lands for research
and protection within these zones.The bill was developed after
the studies authorized by Congress in 1968.On February 4, 1971
Senator Hollings from South Carolina advised the Senate of the
need for this new legislation.He said:
"Mr. President, the coastal and estuarine zones of
the United States are among the most productive natural areas
found anywhere and are under great pressure from our in-
creasing population and development.It is essential to
concentrate environmentalnd resnurce management
in those areas, management geared to their special needs,
management that differs markedly from terrestrial areas
farther inland..
"There is heavy public interest in both the environment
and the resources of the coastal and estuarine zones.
Thirty million people turn to the coasts annually for
swimming; 11 million to fish; 8 million to sail.And
the greatest contests between public and private
interests for the scarce resources in these areas
take place there...
"No more politically complex areas exist in the United
States than in our coastal and estuari no zones.The
185political authority extends from the local, to state,
Federal, and international.But there is no overall
management by the states nor any national guidance inthis
critical area.Yet strategically, the coastal and es-
tuarine zones are the key to preservation and use of the
ocean's environment and resources."
Additional Federal statutes have been introduced in the current
session of Congress.These include:
Amendment to Section 7 - a grant program for Stateplanning
Amendment to Section 8 - a two fold increase inconstruction
grants to provide for Federal assistanceof $6 billion
over the next 3 years tobe granted on an equal
i--ic
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Amendment to Section 10 - to strengthen theenforcement
of water quality standards and tobroaden juris-
diction to all navigable waters
Marine Production Act - authorizeE.P.A. to issue permits
and control ocean and coastal dumping
rnriri I ITflI\I
Out of this jurisdictional struggle comesthe legal protection
of the estuaries.Federal influence is increasing --E.P.A. has
the expertise that is critical toprotection.Our administrator
has pointed the way.
186Your efforts to emphasize the importance of these
have paid off-- the local agency, the State government,
Concress, and best of all, the general public, havecommenced to
talk about estuaries.All Federal agencies must build and ad-
minister their programs so as to take into account theenvironmental
impact of their activities.States have come a long way in
wise land use planning.The water user now has the burden of
showing that proposedactivity will not damage theresource.
The outlook is promising.A bit of order is shining throughthe
chaos.But we have a lot of work to do.The techniques of
protection developed at this conference will be the backboneof
"Legal Protection'.If we are to insist upon wise use we must
have the scientific background to justifyour administrative
decision.
Congratulations on your approach to estuary protection.You
have made a bold beginning towarda hospitable environment for
today and for tomorrow.'I
r.
NATIONAL ENVIRONMENTAL POLICY ACT
Public Law 91 -190
January 1, 1970
SEC. 101. (a) The Congress, recognizing theprofound impact of
manes activity on the interrelations of all componentsof the
natural environment, particularly the profoundinfluences of popu-
lation growth, high-density urbanization,industrial expansion,
resource exploitation, and newand expanding technological advances
and recognizing further the criticalimportance of restoring and
maintaining environmental quality to theoverall welfare and de-
velopment of man, declares that it is thecontinuing policy of the
Federal Government, in cooperation with Stateand local governments,
and other concerned public and privateorganizations, to use all
practicable means and measures, includingfinancial and technical
assistance, in a manner calculated tofoster and promote the
general welfare, to create and maintainconditions under which man
and nature can exist in productiveharmony, and fulfill the social,
economic, and other requirements of presentand future generations
of Americans.
(b) In order to carry out the policy setforth in this Act,
it is the continuing responsibilityof the Federal Government to
use all practicable means,consistent with other essential consi-
derations of national policy, toimprove and coordinate Federal plans,
functions, programs, and resources tothe end that the Nation may --
188(1) fulfill the responsibilitiesof each generation as trustee
of the environment for succeedinggenerations;
(2) assure for all Americanssafe, healthful, productive, and
esthetically and culturally pleasingsurroundings;
(3) attain the widestrange of beneficial uses of the environment
without degradation, risk to healthor safety, or other undesirable
and unintendedconsequences;
(4) preserve importanthistoric, cultural, and natural aspects
of our national heritage, and maintain,wherever possible, an
environment which supports diversityand variety of individual
choice;
(5) achievea balance between population andresource use which
will permit high standards of livingand a wide sharing of life's
amenities; and
(6) enhance the qualityof renewable resources and approach
the maximum attainable recyclingof depletable resources.
(c) The Congress recognizesthat each person should enjoya
healthful environment andthat each person hasa responsibility to
contribute to the preservation andenhancement of the environment.
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ABSTRACT
Information on sediment transport and deposition in theColumbia River
estuary has been obtained by measuringand sampling the flow, surveying the
bed with acoustic techniques, and determiningradionuclide levels.Flow
measurements and water-sediment samplesshow that temporal and spatial vari-
ations in suspended-sediment concentrations and insuspended-sediment dis-
charges are large and are affected significantly by aturbidity maximum
that develops and migrates longitudinally in the estuary.Side-scan sonar
records obtained during a period of relatively lowriver flow indicate pre-
dominantly landward transport of sediment along thebottom in deep channels
upstream from the mouth to about mile 14and predominantly seaward transport
on shallow slopes marginal to thechannels downstream to about mile 5.A
mass-balance equation that considers the amountof 65Zn in the estuary bed
and the net inflow of65Zn to the estuary suggests that approximately 30
percent of the silt and clay that entersthe estuary from the river is re-
tained there.Because of the complex character of estuaryflows, detailed
information on transport can be obtained only bymaking observations through-
out tidal cycles and over extendedperiods of time.
190INTRODUCT ION
For the past several decades the Columbia River has received radio-
riuclides from nuclear fallout over its drainage basin and from the release
of low-level radioactive effluents at the U.S. Atomic Energy Commission's
Hanford Reservation near Richland, Wash.Although many radionuclides de-
cay during transport or are sorbed by river bottom sediments, some radio-
nuclides are conveyed in solution and in association with particulate mat-
ter downstream to the estuary and thence to the ocean.In late 1963, the
U.S. Geological Survey, in cooperation with the U.S. Atomic Energy Commission,
1/ Publication authorized by the Director, U.S. Geological Survey.
2/ Research Hydrologist.
3/ Research Hydraulic Engineer.
191initiated an investigation of the transport and disposition of the radio-
nuclides in the Columbia River estuary.In order to quantify transport
rates of radionuclides and to better understand radionuclide transport phe-
nomena, water discharges have been measured and sediment data, as well as
radionuclide data, have been collected.This paper briefly describes sev-
eral different collection and analysis techniques that have been used to
obtain data during the investigation and discusses aspects of the data
that relate to sediment transport in the estuary.In particular, data on
spatial and temporal variations in suspended-sediment transport are pre-
sented; trends of sediment movement along the bottom as inferred from
acoustic records of bottom topography are discussed; and general conclu-
sions about sediment transport derived from the radionuclide data are
described.
For the purposes of the overall investigation, the estuary has been
defined as the part of the Columbia River between Longview, Wash., CRM
(Columbia River mile) 66, and the mouth CRM 0 (fig. I).The discussion
of sediment transport in this paper, however, mainly pertains to the part
of the estuary seaward from Harririgton Point, CRM 23, which is the part
subjected to salt-water intrusion.The width of the estuary in this part
varies from about 10 miles just below Harrington Point to about 2 miles
between the jetties at the mouth.Tides are the mixed type, and at the
mouth the mean tidal range is 5.6 feet and the mean diurnal range is 7.5
feet (U.S. Coast and Geodetic Survey, no date, p. 172-173).On the basis
of long-term records at The Dalles, Oreg. (U.S. Geol. Survey, 1968), upland
flow (fresh-water flow) at Vancouver, Wash., CRM 107, averages about
200,000 cfs (cubic feet per second).During 1963-67, discharge at
192)
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Figure 1. --Columbia River estuary.Flags show Columbia River mile.River
mile 0 is on line with ends of north and southjetties.(From Hubbell and
Glenn, 1971.)
193Vancouver ranged from about 80,000 cfs to 675,000 cfs (U.S. Geol. Survey,
1968).These flow rates represent roughly from 1/10 to 1/3 of peak instan-
taneous ebb discharges measured at Astoria, Oreg., CRM 13.Salinity dis-
tributions usually vary more or less gradually in the vertical and longi-
tudinal directions, and at times a lateral gradient that decreases from
north to south exists in the vicinity of Astoria.Because of these dis-
tributions, the estuary usually is classified as "partially mixed."
SUSPENDED-SEDIMENT TRANSPORT
Measuring and Sampling Techniques
In order to define, on a continuous basis, rates of suspended-sedi-
ment transport, samples of water and suspended sediment were collected
periodically from cross sections at Astoria and at the former Beaver Army
Terminal, CRM 53, and routinely from single fixed sites at these loca-
tions.The samples provide information on the temporal and spatial vari-
ations of suspended-sediment concentration in the transition part of the
estuary (Astoria), where fresh and salt water mix, and in the fluvial
part of the estuary (Beaver Army Terminal), where only fresh water is
present but where the tide significantly influences the flow.In addi-
tion, total water discharges were measured at the two cross sections to
provide data for adapting and calibrating a mathematical model (Lai,
1965) to compute instantaneous total discharges throughout time.The com-
bination of instantaneous concentrations and water discharges gives con-
tinuous records of suspended-sediment transport through the two cross
sections.A more synoptic view of transport in the estuary, however, is
provided by data,which were obtained on two occasions, on the longitudinal
distribution of suspended sediment.
194For water discharge determinations, flow was measured from a continu-
ously moving boat by using equipment and a technique (Prych and others,
1967) that provides for the rapid collection of data for defining velocity
profiles (magnitude and direction) throughout the total depth.By mea-
suring repetitively during the daylight hours at about 20 verticals, spaced
roughly according to discharge across the width of the estuary, and by com-
bining the discharges from several adjacent verticals, the time variation
of discharge through individual segments of the width was defined.Summing
discharges for common times from the hydrographs for all segments of the
width yields the discharge hydrograph for the entire cross section.
Suspended sediment was sampled by two different techniques.To ob-
taminformation on the vertical distribution of suspended sediment, the
point-integrated sampling technique was used.Either 3- or 6-gallon sam-
pies were collected from various points throughout the depth with a
vacuum-actuated pumping unit that has a streamlined sampling assembly with
a horizontal nozzle which orients into the flow.The pumping rate was
regulated so that the velocity within the nozzle nearly equaled the ambient
velocity at the sampling point.Sampling at ambient velocity insures that
all particles in suspension, regardless of their size, are collected accord-
ing to their concentration in the flow.When samples were obtained pri-
marily for suspended-sediment discharge computations, the techniques of
depth integration was employed.With this technique, a sampler with a
horizontal nozzle that collects water-sediment mixture at stream velocity
is traversed at a uniform rate throughout the total depth.Thus, in each
increment of depth, an incremental volume of water-sediment mixture is
195collected which is proportional to the water discharge through the incre-
ment.The resultant concentration of the sample then is discharge
weighted and can be multiplied directly with the appropriate water dis-
charge to yield the suspended-sediment discharge through the width assumed
to be represented by the sample.
In the following discussions, the sampling technique employed to ob-
tamthe samples will be mentioned.An important point with both tech-
niques is that the sample is collected at stream velocity; thus, sand par-
ticles that may be transported in suspension near the bed, as well as
finer sediments, are collected in proportion to their true concentration
in the flow.
Temporal and Spatial Variations in Transport
In the Columbia River estuary, depending on location, velocities
near the surface vary during the flood from zero to about 4 fps (feet per
second) and during the ebb from zero to about 8 fps.Suspended-sediment
concentrations vary over a relatively wide range in response to these
velocities.The variation in the concentration of depth-integrated sam-
ples obtained at a routine sampling site on the south side of the naviga-
tional channel in the vicinity of CRM 13 is shown in figure 2 for a 25-hour
period on September 14-15, 1969.Total water discharge, water-surface
elevation (stage), salinity',and suspended-sedimentdischarge'
1/ The term tisalinitylt is used to designate the dissolved-solids content,
in parts per thousand (ppt).Salinities were determined by converting mea-
sured conductivities and temperatures to dissolved solids by means of lab-
oratory calibration data.
2/ Suspended-sediment discharge at any given time is determined by multi-
plying 0.0027, which is a units-conversion constant, by the product of the
concentration and water discharge at that time.
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3(computed from concentrations and water discharges given by the curves)
also are illustrated.Integration of the suspended-sediment discharge
over the tidal cycle (24.8 hours) gives a net landward transport of sedi-
ment of 7,400 tons.For the tidal cycle depicted in figure 2, the maxi-
mum suspended-sediment concentration occurred during a flood.At another
time, May 23-24, 1970 (fig. 3), at the same location, the maximum concen-
tration occurred during an ebb.The suspended-sediment concentration was
fairly constant during the floods but increased significantly during the
ebbs to produce a net suspended-sediment transport over the tidal cycle
of 50,000 tons seaward.
Temporal variations in suspended-sediment concentrations at any par-
ticular location in the estuary are affected significantly by the charac-
ter and areal distribution of the so-called "turbidity maximum" which is
a characteristic feature in many estuaries.In the part of the estuary
subjected to salt-water intrusion, flow throughout the entire depth is
alternately conveyed landward and seaward; however, a net circulation pat-
tern (called the estuarine circulation pattern) is developed such that a
landward flow of dense salt water predominates in the lower layers and a
seaward flow of less-dense fresh water predominates in the upper layers.
Similarly, suspended sediment alternately is transported landward and sea-
ward by the flow.Particularly during slack water, some of the particles
in suspension in the upper layers settle into the lower layers and subse-
quently are transported back upstream (landward) as a result of the up-
stream flow.This action over many tidal cycles causes sediment to accumu-
late in the zone where net flow near the bed is zero.Hence, whenever
velocities in the zone are sufficient to transport sediment, a turbidity
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Figure 3. --Temoral variations in total water discharge, water-surface elevation
(stage), salinity, and the concentration and discharge of suspended sedimentat
CRM 13 on May 23-24, 1970.Suspended-sediment concentrations and salinL ties
were determined from depth-integrated samples from the routine sampling site.
199maximum is developed wherein the suspended-sediment concentrations are
considerably higher than they are in either the river water upstream or
in the highly saline water downstream.
The character of the turbidity maximum in the Columbia River estu-
ary was investigated on two different occasions by collecting data during
3-day periods when the tidal patterns and upland discharges were rela-
tively constant.In each 3-day period, point-integrated suspended-sedi-
ment samples were collected 5 feet above the bed and 10 feet below the
water surface and vertical distributions of velocity, salinity, and tem-
perature were measured at seven stations that were located about 2 miles
apart along the navigational channel.On each day, data were collected
at three adjacent stations from a single vessel that repetitively occupied
each station about every 2 hours during the daylight hours.On the second
day of each 3-day period, the occupied stations were located in the middle
part of the study reach and the upstream and downstream stations corre-
sponded, respectively, to the downstream station on the first day and the
upstream station on the last day.Measurement data were combined accord-
ing to the relative time of collection in the tidal cycle to give distri-
bution curves that show the time variations of variables at all stations
on the second (middle) day.The distribution curves for the two stations
where duplicate data were collected are defined relatively well because
the data combined to provide measured values about every hour.The well-
defined curves, in turn, served as guides for the preparation of distri-
bution curves at the other stations.
The longitudinal distribution of suspended-sediment concentration
5 feet above the bed during different times in the tidal cycle on
200May 23, 1970 is shown in figure 4.The mean daily flow through the cross
section at Astoria on this day was about 468,000 cfs.At 0800 hours,
about 2 hours after the time of high ebb velocities, concentrationswere
fairly high all along the reach and the peak concentration in the tur-
bidity maximum was at about CRM 8.At 1100 hours, during the low slack,
the general level of concentrations had diminished and the peakconcen-
tration was seaward from the study reach.At 1430 hours, about 1 hour
after the peak flood velocity, the turbidity maximum againwas well de-
veloped and the highest concentration was at about CRM 9.5.At 1700
hours, during the high slack, transport was nil, material in suspension
settled, and the concentration decreased toa relatively low level.
Concentration distributions on September 14, 1969 (fig. 5), when the
mean daily flow through the cross section at Astoria was 231,000 cfs, show
the same general distribution patterns for essentially thesame relative
times as are illustrated in figure 4; but, the turbidity maximumwas
roughly 10 miles upstream.Approximately 1* hours after high ebb veloci-
ties (0630 hours) concentrations generallywere low and the peak concen-
tration was at about CRM 19.At low slack (0930 hours) concentrations were
low and they varied somewhat throughout the reach.Soon after high flood
velocities (1230 hours), the turbidity maximum againwas well developed
and peaked at CRM 16.5.At high slack (1630 hours) concentrations again
had diminished appreciably throughout the reach.
The textural composition of the suspended sediment (table 1)varies
as the turbidity maximum develops and abates, and it also varies fromone
time to another.On September 14, 1969, the concentration ofa sample
collected 1.hours after the peak ebb velocitywas 17 mg/i (milligrams
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Table 1. --Textural composition of suspended sediment 5 feet above the bed at various times in the
tidal cycle and at various longitudinal positions in the estuary
LocationSuspended- Texture
Date Relative time in(Columbiasediment Concentration in class
tidal cycle River concentra-Percentage in class (mg/i)
Nile) tion Sand Silt Clay Sand Silt Clay
(mg / 1)
1969
Sept. 14 lhr. after peak
ebb velocity 14.0 17 0 63 37 0 11 6
Do---- Low slack -------- 14.0 24 1 71 28 0 17 7
Do---- ---do ------------ 18.2 11 0 56 44 0 6 5
Do---- hr. before peak
flood velocity-- 14.0 59 9 81 10 5 48 6
Do---- ---do ------------ 18.2 87 3 83 14 3 72 12
Do---- 1hr. after peak
flood velocity-- 14.0 85 3 85 12 3 72 10
Do--- hr. before high
slack ----------- 18.2 60 0 70 30 0 42 18
Do--- hr. before peak
ebb velocity---- 14.0 67 0 83 17 0 56 11
Do--- ---do ------------ 18.2 34 0 88 12 0 30 4
1970
May 23 hr. before peak
flood velocity-- 5.6 310 7 46 47 22 142 146
Do- - - Peak flood
velocity -------- 10.7 344 8 71 21 28 244 72
Do--- hr. after peak
flood velocity 8.5 638 1 65 34 6 415 217per liter); about 63 percent of the sediment or approximately 11 mg/i
wassilt!'and about 37 percent or 6 mg/iwascia'.Approximately the
same silt-clay content existed during low slack water.When concentra-
tions increased during the flood,somesand! (3-5 mg/i),as well as in-
creased amounts of silt and clay,were suspended in the flow.During
high slack, the sand andcoarse silt apparently settled, but the fine-
sediment content increased slightly, possiblybecause of an increase in
the organic-matter content.As with the previous ebb, the particlesize
distribution remained essentially unchangedfrom the slack except that
the clay content decreased.During the tidal cycle, apparently most of
the sediment that was resuspendedwas silt, except during the time of
high flood velocities whensome sand was resuspended.
On May 23, 1970, somewhat before and during thetime of the peak
flood velocity, up to 28 mg/i of sand(approximately 8 percent) and
146 mg/i of clay were in suspension.As the velocities decreased, the
quantity of sand in suspension diminished, but theclay content increased
to 217 mg/i.
Graphs of the change with time in the verticaldistributions of
velocity, salinity, and suspended-sedimentconcentration at a central lo-
cation within the zone of the turbiditymaximum conveniently illustrate
relations between these three variables.Concentrations, velocities, and
salinities on May 23 at CRM 8.5are shown in figure 6.On this day,
1/ Inorganic and organic materialwhose fall diameter is >4 micronsand
<62 microns.
2/ Inorganic and organic materialwhose fall diameter is <4 microns.
3/ Inorganic and organic materialwhose fall diameter is >62 microns.
205V.Iocity, in feet per second
50
40-Ebb
-1 \III/\\
I __________________
It / ; I /
10 -
' ..i.S/ /o
I
-'2/
/ 0- _______________I
I I I I I I I -t
60
50
40
S..
SM
SM
30
0
60
50
40
30
20
10
0
Ebb
0600 0800 1000 1200 1400 1600 1800
PACIFIC STANDARD TIME
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sediment concentration at CRN 8.5 on May 23, 1970.
206highest suspended-sediment concentrations occurred somewhat after the peak
ebb velocity and when the salinity was about 1-3 ppt.During the flood,
the peak suspended-sediment concentration, which was slightly lower than
the peak concentration during the ebb, also lagged the peak velocity, but
occurred when the salinity was about 20 ppt at the bed.On September 14
at CRM 16.2 (fig. 7), measurable salinities persisted near the bed through-
out the day.With this condition, the peak concentration occurred at about
the same time as the peak flood velocity and when salinities still were low.
During the ebbs, the peak concentrations remained relatively low.The data
do not cover completely the ebb periods; however, it appears that the peak
concentrations may have occurred at times of maximum velocity and moderate
(2-8 ppt) salinities.
Meade (1968) has observed in some Atlantic Coast estuaries that the
maximum concentration follows the fresh water-salt water transition as it
moves back and forth with the tide.These measurements indicate that, in
general, this is also the case in the Columbia River estuary.Certainly,
the reach of the estuary where the turbidity maximum occurs varies through-
Out the year and corresponds approximately with the reach over which
saline water at the bottom oscillates with the tide.whereas, in many
estuaries peak concentrations coincide with low salinities (Meade, 1968)
and lag peak velocities (Postma, 1967), the variations in hydrodynamic
conditions in the Columbia River estuary apparently are so extreme that no
consistent and simple relations exist among concentrations, velocities, and
salinities.
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208SEDIMENT TRANSPORT ALONG THE BOTTOM
Unlike suspended-sediment transport, the transport of sediment along
the bottom is difficult to measure directly by sampling.Acoustic equip-
ment and techniques that provide information on the topography, texture,
and stratigraphy of bottom sediments, however, can be applied to study
transport at the bed.Side-scan sonar is particularly useful because it
provides an areal view of the surface composition and topography for
faIrly long distances on either side of a cruise track.
Side-scan sonar records from parallel cruise tracks that were about
500 feet apart are shown in figure 8.By maintaining the same velocity
over the bottom along each cruise track it was possible to provide data
that could be matched to produce a record that showed bottom topography
over a 1,000-foot width of the estuary.This particular figure shows the
bed in the main channel near CRM 53.The upper two sections were produced
along one cruise track and the lower two were produced along a second
parallel cruise track.Each section shows features to one side of the
cruise track.The zero line on the travel-time and slant-range scales
represents the position of the submerged towing unit that housed the
transmitting and receiving transducers.The first heavy line represents
the reflection from the water surface and the irregular line represents
the topography of the bed directly below the transducers.The remainder
of the record shows the strength of the reflected soundwaves at all
points on the bed surface from below the transducer unit outward toa
selected full-scale range of 247 feet.Strong reflections appear as dark
areas in the record and weak reflections appear as light areas; hence,
surfaces that are approximately normal to the sound waves and that actas
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Figure 8. --Side-scan sonar records showing the characteristics of a dune field in
a deep fluvial channel.Seaward (downstream) direction is to the left.
210good reflectors show up as black, whereas,surfaces that are in the so-
called acoustic-shadow zoneappear white.In figure 8 it is evident that
dune crests are approximately parallelto one another and that theyex-
tend for the full 1,000-foot width ofthe record.The black areas in the
troughs between dune crestsare strong reflections from areas where sub-
bottom profiles indicate that bedrockis present.
Because side-scan sonar records show thetopography of large areas
of the bed, they can be usedto study the orientation and shape of dunes
that commonly form the estuary bed.These characteristics, in turn,re-
veal the dominant direction of sedimentmovement along the bottom of the
estuary.The side-scan record shown in figure9 was obtained duringa
run across the navigational channel at CRM7.The shallow flats at either
end of the record are essentiallyfree of large relief features,as are
the steep and deep parts of the slopeson either side along the navigational
channel.Within the navigational channel,the foreward slopes of dunes
cause acoustic shadows (thin circuitousbands of white) in the port record
and strong reflections (thincircuitous bands of dense black) inthe star-
board record.This pattern indicates thatthe foreward slopes of dunesin
the channel are toward thetop of the record, which is thelandward direc-
tion.On the gentle and shallowparts of the slopes on either side ofthe
navigational channel, however, theacoustic shadows and the strongreflec-
tionS are reversed andappear in the starboard and port records,respectively.
This pattern indicates that theforeward slopes of the dunesare oriented
seaward.From this record itappears that at the time of thesurvey the domi-
nant sediment transport along thebottom of the navigationalchannel was
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Figure 9. --Side-scan sonar record obtained during a lateral traverseof the navigational channel in the
transition-marine part of the estuary.Landward (upstream) direction is toward the top of the record.landward; whereas, on the slopes adjacent to thenavigational channel
the sediment movement along the bottomwas seaward.Prentice and others
(1968) reported similar transportpatterns of bottom sediment in the
Thames estuary; Nichols and Poor (1967) observedthat suspended-sediment
transport was upstream in the main channel of theRapahannock estuary and
downstream on the adjacent flats.
By analyzing side-scan records obtained throughoutthe estuary, a
generalized qualitative pattern of sedimentmovement along the estuary
bottom has been developed (fig. 10) fora period of relatively low upland
flow (early fall of 1968).The pattern shows that betweenHarrington Point
and Tongue Point, sediment movement alongthe bottom was seaward andwas
confined mostly to the vicinity of thenavigational channel.Downstream
from Tongue Point, transport along thebottom in the navigational channel
was dominantly landward; whereas, transporton the slopes marginal to the
channel was seaward at leastas far downstream as CRM 5.On the north side
of the estuary, transport along thebottom was dominantly landward in the
deep channel, but occurred in both directionson slopes.Lateral trans-
port in the old ferry channel at Astoriawas in a northerly direction at
the south end of the channel and ina southerly direction at the north
end.
The pattern shown in figure 10 correspondsgenerally to that suggested
by Lockett (1967).Studies at other times of theyear, no doubt, would
show somewhat different patterns.
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Figure 10. --Generalized patterns of sediment movement alongthe bottom of the Columbia River estuary below Harrington
Point, September 1968.Arrows run at right angles to the trend of the dune ridges and pointin the direction of
sediment movement.Double-headed arrows indicate tineutraltl bed forms.Comparison between the dominant direction of flownear the bed and
the orientation of bed forms sometimescan be used to infer the relative
magnitude of sediment transport alongthe bottom.A relation (fig. 11)
for flow predominance ata point 5 feet above the bed in the center of
the north channel just above theColumbia River Bridge at Astoria (CRM 13),
which was developed from velocityprofiles measured sequentiallyover
parts of tidal cycles during 1966-70, indicatesthat approximately 80per-
cent of the total flow back and forthpast this point at the time of the
side-scan sonar survey (dischargeat Vancouver120,000 cfs) was ina
seaward direction.Because the orientation of the bed formsat the same
location also was seaward, itseems reasonable to assume that somesea-
ward transport may have occurred;however, since the bed forms belowthe
bridge were oriented upstream, thetransport probably was low.At higher
flows, presumably, landwardtransport along the bottom wouldcommence.
In the navigational channeljust above the bridge, landward flowappears
to predominate near the bed (fig. 11)at low discharges, but seaward flow
predominates at higher discharges.At this location during theside-scan
sonar survey, flow near the bed apparentlywas dominantly upstream as was
the orientation of the bed forms.This correspondence would tendto indi-
cate that some sediment was beingtransported along the bottom ina land-
ward direction.
IMPLICATIONS OF SEDIMENT TRANSPORTFROM RADIONUCLIDE DATA
The association between sedimentsand radionuclides in theestuary
provides a uniquemeans for tracing the movement of sedimentparticles and
for quantifying long-termaverage values of sediment transport variables
in the estuary.Unfortunately, not all analyses thatmight be made appear
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Figure 11. --Flow predominance 5 feet above the bed in thenorth channel and in the naviga-
tional channel just above the Columbia River Bridge at Astoria (CRM13).to be valid because of the influence of sorption anddesorption phenomena
and of the complexities of sedimentmovement.
According to computations ina recent report (Hubbell and Glenn,
1971), approximately 2,060 curiesof 65Zn resided on sediment in the bed
of the estuary in June 1965.This value, together with informationon
the discharge of 65Zn at Longview,has been used (Hubbell and Glenn, 1971)
to estimate the fraction of fine sedimentretained in the estuary.The
calculation is based on equation 1, whichstates that the change with time
in the amount of a radionuclide in theestuary equals the difference be-
tween the net rate of inflow (inflowminus outflow) to the estuary and the
rate of decay of the radionuclide in theestuary.
where
=(cSQW)-(cSQW)0+(cfQf)-(cfQf)(cCQC)-(cCQC)-XA (1) dt
A is the amount of the radionuclidein the estuary
at any given time, t;
C5, Cf, Care the concentrations of the radionuclidein
solution and associated with thefine and
coarsesediment1",respectively;
''c are the discharges of water and of fine and
coarse sediment, respectively;
I, 0 are subscripts denoting a quantity thatis coming
in orgoing out of the estuary,respectively;
and
is the decay coefficient forthe radionuclide.
11Fine sediment is all material,including biota, whose diameteris > 0.45 micron and<62 microns.Coarse sediment is all material >62
microns in diameter.
217In equation 1
Thus, by setting
(CfQf') Cf Qf and
00
(C sQ)0
(csQw)
=k,
(CfQf) Cf Qf
III
Cf
0
Cf
I
and dividing by(CfQf'\,equation 1 becomes
\ I'
where
CQ dA(
=CfQf)[RS (1-k) + 1-c(1-P)R
CfQf1(cfQf)i
(csQ) (CcQc')
(CfQf)1=R5,
(CfQf51=R, and
Qf Qf0
=P or Qf=Qf(1-P).
Qf1 0
(2)
If equation 2 is applied to the transport and storage of65Zn in the
estuary, it can be reduced with several simplifying assumptions.In the
reach between Pasco and Vancouver, the amount of65Zn in the streambed is
essentially constant throughout the year (Nelson and others, 1966; fig.6).
Similarly, limited data indicate that65Zn in the bed of the estuary was
essentially the same in 1965 as it was in 1964 (Hubbell and Glenn,1971;
fig. 23).Since the amount of65Zn in solution and in association with
the suspended-particulate matter in transport in the estuary at anygiven
time is insignificant compared to the amount of65Znin the streambed sedi-
ments, dA 65 . .
=0.Also, the outflow ofZn in association with coarse
218sediment probably can be considered to be negligible; evidencein this
report (fig. 10) and data in Lockett (1967) suggests that littlecoarse
sediment leaves the estuary.With these assumptions, equation 2 reduces
to
P=
XA c + k - [R5 + Rc + 1
(cfQf)J
C (3)
in which P is the fraction of the 65Zn-bearing finesediment inflow that
must be retained in the estuary in order to maintaina constant amount of
65Zn in the bed.
Equation 3 can be solved with measured data by furtherassuming
65 . that (1) the ratio of the discharges ofZn in solution coming in and
going out of the estuary, k, is relatively constant; (2)the ratio of the
concentrations of 65Zn associated with the fine sedimentcoming in and
going out of the estuary, c, is relativelyconstant; and (3) the ratio of
the concentrations of 65Zn associated with the fineand coarse sediment
respectively, coming in the estuary, Cf1ICc1,averages about 5.0.(See
Hubbell and Glenn, 1971,app. VI for supporting data.)Pertinent basic
data and computed values of the fraction of finesediment retained in the
estuary for calendar years 1963-65 are listed in table 2.Because of the
grossness of several parameters in equation 3,average annual percentages
and average annual daily 65Zn dischargeswere used in the computations.
Included in table 2 are values for P in 1964that were computed by using
65 . hypothetical amounts ofZn in the bed that are 20 percent higher and
20 percent lower than the measuredamount of 2,060 curies.In all compu-
tations, values of c and k were takenas 0.97 and 1.15, respectively.
These values were selected becauseapproximately 3 percent of the 65Zn
219Table 2.--Computation offractionof fine sediment (P) retainedinthe Columbia Riverestuary
Inf lowdata
Percentof total
1/
discharge_i
Percent of total
65 1/ Zn discharge
65
DailyZn
C
f
IC sediment iR R Q \ f
f)1
p
Year In On discharge- 5 c (CfQf)1
<0.062 mm >0.062 mmsolutionsediment(curies/day) c1 (curies/day)
1963 80 20 .17 83 V22 50.220.05 17.4 0.33 0.29
1964 62 38 20 80 .1.118 5 .28 .12 12.8 .45 .35
1965 72 28 18 82 .1122 5 .24 .08 16.7 .35 .28
1964 62 38 20 80 .1."l8 5 .28 .12 12.8 .1.36.J.26
1964 62 38 20 80 1l8 5 .28 .12 12.8 J.53iI43
1/ Written communication (W. L. Haushild,1968).
2/ From Foster (1964).
3/ Based on65Zn content in bed 20 percent lower than 2,060 curies.
4/ Based on65Zn content in bed 20 percent higher than 2,060 curies.associated with the fine particulatematter might be displaced in the
presence of sea water (Johnson, Cutshall, andOsterberg, 1967) and, if
this displacement occurred, the outflowof 6Zn in solution would beap-
proximately 15 percent higher than theinflow since the amount of 65Zn
in transport associated with theparticulate matter is roughly 4 to 5
times greater than the amount insolution.(See table 2.)
With these assumptions, theaverage of values of P computed for
1963, 1964, and 1965was 0.31.Apparently, P is a relativelyinsensitive
variable.Although the mean daily inflow of 65Znassociated with fine
sediment decreased 26 percent between1963 and 1964, the computedper-
centage of fine sediment retained increasedonly 6 percentage points.
Similarly, amounts of 65Zn in the bed20 percent higher and 20percent
lower than the measuredamount, changed the percent retained by only8 or
9 percentage points, respectively.Although the computationsare far from
conclusive, they suggest thaton the average approximately 30 percent of
the fine sediment whichenters the estuary is retained there.Quantita-
tively, the computations indicatethat approximately 1.8, 4.0, and 4.7
million tons of fine sedimentwere retained in the estuary during 1963,
1964, and 1965, respectively.
Radionuclide data also afford theopportunity to make other kinds of
computations relative to sedimenttransport and deposition.For instance,
the longitudinal attenuationin the concentrations of radionuclidesassoci-
ated with sediment particlesin given size ranges in the bedhas been used
(Hubbell and Glenn, 1971)to compute the net transportvelocity of parti-
cles of those sizeranges.Computations were made by two methods.In one
method, the time required forparticles to move betweentwo given locations
221was equated to the time required for the65Zn concentration at one
location to decay to a concentration the same as that at theother loca-
tion.In the second method, the time required for particles to movebe-
tween locations was equated to the time requiredfor the ratio of two
radionuclides (65Zn and60Co) at one location to change, through decay,
to a ratio the same as that at the otherlocation.
Velocities computed by either of the above methods seem tobe high.
For example, the average velocity of particles in the0.5 to 1.0 milli-
meter size range was computed to be about2,400 feet per day.The high
computed velocities suggest that decay is not the onlyfactor causing a
change in radionuclide concentrations betweenlocations; hence, other
underlying assumptions of the analysis (see Hubbell andGlenn, 1971) are
being violated.
Information on the vertical distribution ofradionuclides associated
with sediment within the bed can be used to compute ratesof sediment
deposition.As with the computations of particle velocity,the time re-
quired to deposit sediment between elevations, H1and H2, is assumed to
be the same as the time required for the ratioof two radionuclides to
change, as a result of different rates ofdecay, from the value at H1
(the highest elevation) to the value at H2.One important assumption in
this technique is that the sediment at H1 hadthe same ratio of radionuclide
concentrations at the time it was deposited asthe sediment at H2 had when
it was deposited.In an environment where the elevationof the bed sur-
face varies periodically and where particles atdepth are exposed, trans-
ported, and redeposited, this assumptionprobably is not true and the tech-
nique is invalid.However, in an environment where depositionis
222continuous, the technique maye useful.The variation in the ratio of
65Znto 60Co with depth in a core collected from suchan environment in
the estuary above Tongue Point is shown in figure12.The net deposition
rate determined from the length of timenecessary for the ratio at the
surface to become equal to the ratioat the 11.5-inch depth is 3.4 inches
per year (Hubbell and Glenn, 1971).Of course, this rate of deposition
applies for that particularcore location only and not for the estuary in
general.
S UNNARY
Sediment transport and deposition in the ColumbiaRiver estuary has
been studied by utilizing data obtained byseveral different techniques.
Probably the single most significant characteristicof sediment transport
is its variability, both in time andspace.To adequately define trans-
port rates and to understand transport phenomena,observations must be
made throughout tidal cycles and for extendedperiods of time so as to
reflect the wide range of hydrodynamic conditions.
In the part of the estuary affected bysalt-water intrusion, sus-
pended-sediment transport is affected significantlyby a turbidity maxi-
mum that develops in response to the estuarine circulationpattern and
that intensifies, abates, and translatesback and forth with the tides
and with the season.Sediment movement along the bottom in thispart of
the estuary also is highly influencedby the estuarine circulationpattern
and tends to be landward in deep channelsand seaward in shallowareas.
The laudward transport of sediment alongthe bottom tends to cause
coarse sediment to be trapped in the estuary.Similarly, computations
based on radionuclide data suggest thatabout 30 percent of the fine sedi-
ment transported into the estuary bythe river may be retained in theestuary.
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from the estuary above Tongue Point.(From Hubbell and
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ABSTRACT
Sediments from Whatcom Waterway, Bellingham were studied inresponse
to a proposed dredging and disposal program.Laboratory study indicated
that two types of sediment were involved.Sediment from the inner harbor
consisted primarily of putrefying pulp fibers which exerteda significant
oxygen demand, created substantial turbidity, and were toxic to juvenile
sockeye salmon because of their hydrogen sulfide content.Various methods
of widespread dispersal to dilute the sediment appeared impractical,and
it was concluded that land disposal of inner harbor sedimentwould be nec-
essary to protect fish stocks.Sediment from the outer harbor was a natural
silt, not containing hydrogen sulfide, but exertedan oxygen demand and
created a highly turbid mixture which settledvery slowly.Because dumping
of this sediment at the proposed site could alsoprove harmful to fisheries,
hydraulic dredging and local disposal adjacent to theouter harbor was
recommended.
227INTRODUCTION
In 1968, it was proposed that a part of Bellingham Harbor, Whatcom
Waterway, be dredged and the sediment dumped in an area southeast of
Lunmi Island, Washington (FIGURE 1).Since the proposed disposal area was
on the general migratory routes of Fraser River sockeye (Oncorhynchus
nerka) and pink salmon (0. gorbuscha), it was the responsibility of the
International Pacific Salmon Fisheries Commission, under its terms of
reference, to investigate possible harm to these fisheries from the project
and to recommend alternatives if necessary.
Whatcom Waterway, the principal harbor facility of the Port of
Bellingham, consists of an inner and an outer harbor (FIGURE 2).The entire
waterway is subject to shoaling by river silt and sediments from the
adjacent area.Bottom deposits have accumulated in the inner harbor
primarily by deposition of pulp fiber from the Georgia-Pacific Corporation
* This study was financed by the Governments of Canada and the United States
with a part of United States contribution originating from the Federal
Water Pollution Control Administration of the U.S. Department of the
Interior.
228sulfite pulp, board and paper mills; a smaller contribution of sediment
has originated from the Bellingham sewage treatment plant and Whatcom Creek
(Fed. Water Pollution Control Admin. and Wash. State Pollution Control
Comm., 1967).Sediment in the outer harbor has accumulated largely from
the silt load of the Nooksack River.
To maintain adequate depth for seagoing vessels, Whatcom Waterway has
been dredged several times in the past.Sediment removed during the past
decade was transported on flat barges and washed overboard in the vicinity
of Post Point, south of Bellingham, where a shoalwas eventually created and
disposal discontinued in that area (FIGURE 2).Land disposal was alsoused,
with the sediment utilized for land fill at the site of the present Georgia-
Pacific Corporation chlorine plant.Because of its high organic content
and low sand content (less than 10%), the material was not suitably
compacted for more than 5 years.
The project proposed by the Fort of Bellingham and the U.S. Army Corps
of Engineers called for removal of approximately 62,600 cu yd of sediment
from the inner harbor area and 69,000 cu yd from the outer harbor.The
dredged material was to be transported in bottom dump barges and released
in h7 fathoms of water at a site southeast of Carter Point, off' Lummi Island.
The proposed disposal site is important from the fisheries standpoint.
Many of the adult sockeye and pink salmon bound for the Fraser Riverpass
through the area during their summer and autumn migration and thus would be
subject to any adverse conditions created by sediment disposal.Any
substance which would be harmful or cause fish to detour from their
historic migration route would result in an economic loss to the commercial
purse seine, gill net and reef net fisheries in the area.The reef net
fisheries, located along the west side of Lunmii Island between4.5 and 7
miles from the proposed disposal site, obtain fish from schools which turn
northwest as they enter the general area of Lummi Island.Reef net fishermen
could be especially affected by increased turbidity caused by sediment
disposal, not only because of their stationary gear, but also because
visual observation to a depth of 15 ft is necessary in order to fish
effectively.
Juvenile sockeye salmon from the Fraser River migrate seaward in April,
May and June, primarily along a route through Haro Strait and thuswould not
be expected in significant numbers near the proposed dumping site.\ few
juvenile pink salmon of Fraser River origin might be present in the proposed
229FIGURE 1 - Waters south ofthe Eraser River showingWhatcoin Waterway and
the proposed sedimentdisposal area.
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231disposal site, but the majority spend their first springand summer farther
west in the Gulf and San Juan Islands.
The proposed disposal area is also of importance tochinook (.
tshawytscha), coho (Q. kisutch), chum (Q.. keta) and pinksalmon from the
Nooksack and Samish Rivers, both adult and juvenilefish, which move through
the area on their historic migrations duringspring, summer and autumn.
Chinook, coho and chum salmon from the Fraser Riveralso may migrate through
this area.Pacific herring (Clupea harenus pallasi) are takencommercially
during winter months in the proposed disposal areaand a bottom trawl fishery
operates throughout most of the year.Finally, the area is a commercial crab
fishing ground during winter (E.Limbacher, personal communication).
Previous surveys indicated that sediments in the innerharbor would
contain considerable hydrogen sulfide and wouldbe devoid of normal benthic
organisms such as crabs and clams(F.W.F.C.A. and W.P.C.C., 1967).Hydrogen
sulfide, a respiratory depressant, has beenreported lethal to salmon and
trout at concentrations above 0.3 ppm(McKee and Wolf, 1963) and thus it was
advisable to investigate whether toxic conditionsmight arise during sediment
disposal.Other factors, such as oxygen demand of the inner harborsediment
and turbidity which might be created duringdumping, were of concern as well.
The aforementioned survey found sedimentin the outer harbor to support
a benthic community typicalof a muddy marine bottom.Crabs, clams, and
starfish were noted, and hydrogen sulfide wasnot detected.These
characteristics suggested that sediment in theouter harbor was less hazardous
than that from the inner area.However, its oxygen demand and potential for
creating turbidity were unknown and requiredInvestigation.
An experimental study was conducted to answerthe various questions
raised above and a summary of the resultsand recommendations for sediment
disposal are described herein.Readers interested in details of experimental
methods and results are referred toServizi, Gordon and Martens, 1969.
RESULTS
Physical Characteristics of Sediments
Inner Harbor Sediment
All sediment samples collected from theinner harbor were slurries
consisting primarily of pulp fibers.A strong odor of hydrogen sulfide was
present and sediment was black.Bubbles of gas were seen rising continually
throughout the inner harbor area on allsampling trips and a group of bubbles
232was released whenever a sample of sediment was taken withthe Ekman dredge.
Fresuxnably the bubbles consisted of hydrogensulfide, carbon dioxide and
methane (A.E. Werner, Fish. Res. Bd. Canada,personal communication).No
bottom organisms such as crabs,worms, or algae were evident in the 35 dredge
samples collected during thecourse of the study.
The sediment was 11% solids, of which 27%were volatile solids, and
the specific gravity was 1.02 (TABLE 1).When air-dried outdoors the sediment
was similar to dewatered pulp fibers taken froma typical pulp mill settling
pond.
TABLE 1 - Physical characteristicsof sediments.
Total Volatile
Sediment Solids Solids Specific
Origin % % Gravity
Inner 11 27 1.02
Harbor
Outer 47 5 1.35
Harbor
Outer Harbor Sediment
Sediments throughout the outer harborappeared to consist of natural
silt deposits.The odor of hydrogen sulfidewas not evident in the samples
upon collection.Small crabs and wormswere noted in the samrles and these
remained alive during a 14-day storageperiod.The sediment was 47% solids
with a volatile solids content of 5%;the specific gravity was 1.35 (TABLE 1).
Turbidity Created by Sediments
Sedimentmay create turbid conditions when dumped,depending upon the
degree of mixing and break-up ofparticles.Measurements were conducted to
determine the amount of turbidity formedand clarification time of different
concentrations of sediment insea water at 50°F.
Inner Harbor Sediment
Initial turbidity of inner harborsediment decreased considerably during
the first 1.5 hr and thenmore slowly thereafter (FIGURE 3).After 24 hr,
turbidity of sediment concentrationsfrom 0.5 to 10% ranged between 7 and
96 ppm and remained proportionalto initial sediment concentration.A
fraction of the sediment, probably naturalsilt originating from Whatcom Creek,
was finely divided and settled very slowly.
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234Outer Harbor Sediment
Outer harbor sediment created much higher initial turbidities than did
the inner harbor sediment (FIGURE 4).However, the outer harbor sediment
settled rapidly during the first 1.5 hr and turbidities were in thesame
general range as those created by- inner harbor sediment.Following the Initial
3-hr period of rapid sedimentation, turbidity declined very slowly and after
24 hr was between 5 and 20 ppm.It is of interest to note that the 0.1%
concentration of outer harbor sediment did not clarify as did the inner sediment,
but had a turbidity of 5 ppm at 24 hr.
Oxygen Demand and Hydrogen Sulfide Content of Sediments
Inner Harbor Sediment
The oxygen demand and hydrogen sulfide concentrations of 2% mixtures
(by volume) of inner harbor sediment were measured at 50°F insea water on
two identical 3-liter samples mixed continuously with a mechanical stirrer
at 70 rpm.Oxygen declined rapidly at first in each sample, decreasing to
5 ppm within 25 mmin sample I and within 35 mmin sample II (FIGURE 5).
The oxygen demand apparently equaled the supply after about 90 mmwhen oxygen
stabilized at 2.3 and 3.2 ppm in the two samples.
Hydrogen sulfide concentrations in the two samples showeda rapid
increase in the first 5 mm, followed by a steady decline.The initial
increase was probably created by dissolution of hydrogen sulfideas the
particles of sediment were dispersed during initial mixing.
There was a close correlation between oxygen demand and dissipation of
hydrogen sulfide, indicating oxidation of hydrogen sulfide to the harmless
sulfur state.However, the oxygen demand probably consisted of biochemical
oxygen demand exerted by microorganisms as well as the chemical demand of
hydrogen sulfide oxidation.
Outer Harbor Sediment
Although hydrogen sulfide was not detected, the outer harbor sediment
also exerted a significant oxygen demand.Dissolved oxygen concentrations of
5, 3, 2 and 1% sediment mixtures (by volume) were measured at 500? in sea water
for a 2-hr period in the absence of fish.Each 3-liter mixture was continuously
mixed with a mechanical stirrer at 70 rpm.Oxygen dropped to about 5 ppm
within 2 nun in a 5% concentration and reached 0.1 ppm after 2 hr (FIGURE 6).
Oxygen demands were proportionately less at lower sediment concentrations.
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238Comparison of oxygen demands of 2% concentrations of inner and outer
harbor sediments in 60 mmindicated the latter was 67% of the former.
Oxidation of hydrogen sulfide in the inner harbor sediment probably accounted
for much of the difference in oxygen demands.The rapid initial oxygen
demand of outer harbor sediment was similar to that of the inner harbor sediment
and indicated oxygen demand consisted of chemical as well as biochemical
oxidation.However, there was no evidence of hydrogen sulfide in outer
harbor sediment, which can be detected at very low concentration by its odor,
nor were there any- gas bubbles released to indicate the presence of other
gases (e.g., methane) in the sediment.Oxidation of reduced sulfur, iron or
manganese in the sediment may have been the cause of rapid chemical oxygen
demand, but the topic was not pursued and should be the subject of further
investigation.
Toxicity of Sediments
Inner Harbor Sediment
Sediments collected from the inner harbor were bioassay-ed using sockeye
smolts in sea water to evaluate acute toxicity.Sediments were bioassay-ed
initially within about 4 hr of procurement and again after sediment had been
stored for several days.Details of bioassay-s are reported elsewhere (Servizi,
Gordon and Martens, 1969).
In summary, bioassay-s showed that toxicity of the inner harbor sediment
was related primarily to its hydrogen sulfide content.Complete mortality
occurred in a few minutes at a 1% or greater concentration of inner harbor
sediment when average initial hydrogen sulfide concentrations were 2.3 ppm
or greater (TABLE 2).Fish were distressed at concentrations between 0.1
and 1.0% sediment where initial hydrogen sulfide concentrations were greater
than 0.3 but less than 2.3 ppm.It appeared that a 0.1sediment concentration
was the incipient level for visible evidence of distress of sockeye smolts.
when hydrogen sulfide was removed by aeration, distress and toxicity appeared
related to clogging of gills by suspended fibers at concentrations over 1%
sediment.It is likely that fiber acted to compound the respiratory problems
created by hydrogen sulfide when both were present together.
239TABLE 2 - Summary of toxic effect and hydrogen sulfide content of various
concentrations of inner harbor sediment.
Sediment
Concentration
% by Volume
Average Initial
Hydrogen Sulfide
ppm Toxic Effects
10 - Mortality in approximately 5 mm.
2 4.1 Mortality in approximately 15 mm.
1 2.3 Mortality in approximately 20-25 mm.
0.75 - Possible mortality.
0.50 1.1 Distress - coughing - frenzied swimming.
0.25 - Distress - coughing - frenzied swimming.
0.10 0.3 Possible distress.
0.05 0.1 No visible distress.
Outer Harbor Sediment
Bioassays of outer harbor sediment indicated no evidence of distress
among fish introduced into 5, 3, 2 and 1% sediment mixtures althoughthere was
some random swimming as though the fish had become disorientedin the turbid
water.Hydrogen sulfide was not detected, and thus it was apparent that the
sediment exerted no direct toxic effect.However, the 5% sediment mixture
exerted a significant rapid oxygen demand, as described earlier(FIGURE 6),
causing dissolved oxygen to decline during bioassay to about 2 ppm in 10 mm
at which time the fish appeared to lose equilibrium.
Effect of Atmospheric Exposure on
Hydrogen Sulfide Content of Inner Harbor Sediment
Exposure of inner harbor sediment to the atmosphere in 1.-inch layers
resulted in a gradual loss of hydrogen sulfide (TABLE 3).However, the low
rate at which hydrogen sulfide was lost suggests that it wasbeing produced
continuously by bacteria.Temperature of the sediment would influence the rate
of hydrogen sulfide production, the greater productionoccurring as temperature
increased.Hence, the increase in temperature from450F to 62°F noted in
TABLE 3 would have played a role in maintaining asignificant hydrogen sulfide
content in the sediment.
240TABLE 3 - Hydrogen sulfide content of inner harbor sedimentfollowing
exposure to the atmosphere.
Time of Temperature of
Exposure Sediment Hydrogen Sulfide* Reduction
hr °F ppm
0 45 3.28 0
1 - 1.81 45
2 - 1.86 43
4 59 1.55 53
5 57 1.60 51
7 55 0.98 70
24 54 0.29 90
28 62 0.32 90
* Measured ina 1% sediment concentration by volume in sea water.
The situation studied herein does not duplicate thatexpected if sediment
were piled on a barge for removal and dumping, butsome application of the
experimental results appears reasonable.Since atmospheric contact for 5 hr
reduced the hydrogen sulfide content of a 1-inch layer of sedimentby less
than 50%, sediment piled several feet deepon a barge would probably lose
very little hydrogen sulfide before it was dumped.In fact on a warm day,
solar heating of sediment on a barge could conceivablyincrease the hydrogen
sulfide concentration owing tomore vigorous bacterial metabolism.
Effect of Washing and Resettlingon
Hydrogen Sulfide Production of Inner Harbor Sediment
When sediment is dumped in sea water it is withthe intention that it
will settle to the bottom.Washing will occur as the sediment settlesand it
was questioned whether this might eliminate subsequent hydrogensulfide
production.If a 300 cu yd barge load of sedimentwere dumped at the proposed
location in 47 fathoms of water it would be washedat the rate of about 40 to 1
if it descended vertically.This is a minimum value, and mixing created by
tidal currents could increase the degree ofwashing.However, in order to
assess the possible effects of mixing, a 40 to 1 washing ratiowas evaluated.
Sediment from the inner harborwas washed at a ratio of 40 to 1 in sea
water at 500F, allowed to settle and thesea water discarded.Washed sediment
was then added to a depth of 1.5 inch in a 1-liter graduated cylinderand to
3.0 inch depth in another.Fresh, aerated seawater was addedso as not to
mix the sediment and it was allowed to stand for 48hr at 45°F.This
temperature was considered a realisticestimate of that occurring on the
24bottom off Carter Point.Samples of supernatant were drawn from mid-depth
for hydrogen sulfide and oxygen analyses and compared with a control cylinder
containing only sea water.
Significant amounts of hydrogen sulfide were found in the cylinders
containing sediment (TABLE 4).Furthermore, dissolved oxygen was nil in one
cylinder and 2.4 ppm in the other, indicating a significant oxygen demand
exerted by the sediment.Dissolved oxygen remained at 9.4 ppm in the control
and hydrogen sulfide was not detected.Thus it was evident that washing
during dumping would not preclude synthesis of hydrogen sulfide once the
sediment resettled on the bottom.The result was not unexpected since the
fiber itself is undergoing decay and would not be altered by washing.
TABLE 4 - Hydrogen sulfide and dissolved oxygen content
of sea water overlying washed sediment for 48 hr.
Sediment Depth Hydrogen Sulfide Dissolved Oxygen
inch ppm ppm
3.0 0.55 0.0
1.5 0.25 2.4
0.0 0.00 9.4
DISCUSSION
Results indicated that four factors should be considered if disposal of
sediment in sea water is contemplated:(1) turbidity created during sediment
disposal, (2) oxygen demand of the sediment, (3) toxicity due to hydrogen
sulfide released thiring disposal, and (4) generation of hydrogensulfide by
sediment after it resettles.The first three factors are of direct concern
to pink and sockeye fisheries while the fourth concerns bottom fisheries
such as sole and crabs.All four factors are of importance insofar as disposal
of inner harbor sediment is concerned, but only turbidity and oxygendemand
are of importance when outer harborsediment is considered.
The proposed disposal area for sediment is one whichwould affect adult
Fraser River sockeye and pink salmon and possibly juvenileFraser pink salmon,
as well as local stocks of salmonand other fish.Toxicity of sediment was
measured using sockeye smolts since adult fish werenot obtainable, but it
seems reasonable to apply theresults to adult sockeye and pink salmon, bearing
in mind that a safety factor should beassigned to waste disposal projects to
allow for variation in tolerance because ofsize, species and unforeseen
environmental factors. 242Inner Harbor Sediment
Inner harbor sediments were found to cause considerableturbidity and
had a high oxygen demand.However, the major hazard to fish was toxicity
created by hydrogen sulfide which dissolvedas the sediment was mixed with sea
water.Hydrogen sulfide is formed in an anaerobic environment fromthe activity
of specialized bacteria (genus Desulfovibrio) whichconvert sulfate to hydrogen
sulfide as they metabolize organic matter (Stanier, Duodoroffand Adelberg,
1957).In this instance, sulfatewas supplied by sea water and the organic
matter by the fiber deposits.Hydrogen sulfide is a respiratory depressant,
similar to cyanide, and at lethal concentrations reactsquickly to arrest
respiratory functions (Jones, l96i4).Thus the sediment was responsible for
imposing the additive stresses of reducedoxygen supply, owing to its oxygen
demand, and depressed respiration caused by hydrogensulfide.
The maximum concentration of hydrogen sulfideat which salmon or trout
would survive has been reportedas varying between 0.3 and 1.0 ppm (McKee and
'4olf, 1963).The results obtained herein fall within thisrange as smolts
were highly distressed at 1.0 ppm hydrogen sulfide, but notvisibly so at 0.1
ppm.The threshold level for visible distress ofsockeye salmon smolts appeared
to be around 0.3 ppm, which coincided witha 0.1% concentration of sediment
(TABLE 2).There were indications that respiration ofsockeye sinolts may have
been depressed at a 0.05% concentration ofsediment (Servizi, Gordon and Martens,
1969) but this was not definiteand therefore the higher concentration of 0.1%
was used as the maximum tolerable level in considering disposalrequirements.
Experimental studies indicated that toxicity ofthe inner harbor sediment
would decline only slightly duringexposure to the atmosphere and therefore the
sediment probably would be as toxic when dumpedfrom a barge as when first
dredged.This result was to be expected since conditionsfor hydrogen sulfide
production would remain favorable in the bargewhere the combination of rich
organic material (fiber), sulfate (sea water)and bacteria would be maintained.
In fact, solar heating could raise the temperatureof sediment on a barge,
increasing the rate of bacterial metabolism andconsequently increasing
hydrogen sulfide production and potentialtoxicity.
The amount of mixing and dispersion which wouldoccur during discharge of
sediment from a barge is unknown, howeverzones of high hydrogen sulfide, low
dissolved oxygen and excessive turbiditymay occur.Therefore, elimination of
potential hazards to fish through adequatedilution during dumping would be
243necessary.Bioassay results indicated the concentration of inner harbor
sediment should not exceed 0.1%.This concentration corresponds to the visible
threshold of distress for salmon, exerts an insignificant oxygendemand and
creates a turbid condition which would clarify withinapproximately 1 hr.
Thus if requirements for eliminating stress and toxicitycaused by hydrogen
sulfide could be satisfied by dispersal and dilution,turbidity and oxygen
demand would not be significant factors.
In order to not exceed a 0.1% concentration of sediment,methods must be
found to dilute the sediment at a ratio of 1,000 to 1during disposal.To
obtain this dilution, each 300 cu yd barge loadof sediment would need to be
dispersed in a volume of 300,000 cu yd of sea water(60.6 x106 gal).There
is little knowledge to predict how thesediment would disperse and mix when
released from a typical bottom dump barge with abottom opening 16 ft wide
by 65 ft long.However, towing a barge while distributing the contentsin
order to create a 1,000 to 1 dilution appearedimpractical.Furthermore, in
practice the bottom of a barge opens suddenlyand cannot be controlled for
uniform dispersion of the contents.Consequently, the practical method of
operation is to dump the barge contents at asingle site.Thus if the
sediment from a single 300 cu yd barge load weremixed in the 47 fathom water
column beneath the barge at the disposal site,the concentration of sediment
would be about 2.8%; 28 times greater than thatconsidered marginally safe
for fishes.
These comparisons serve to illustratethe magnitude of the problem faced
in obtaining safe dispersal of the sedimentin sea water.Of course, the
theoretical sediment concentration of2.8% may not be reached since some
material may sink quickly with little mixing.However, the theoretical
concentration which could occur is so muchgreater than that which is
considered minimally safe that a substantialrisk to fish and fisheries
operations could be associated withdumping.
Inner harbor sediment could alsoalter the character of the bottom at
the disposal site and, afterresettling, form a continuing hazardto
bottom-dwelling species.As noted earlier, normal marinebottom life was
absent from the original collectionsof Inner harbor sediment.If the
62,600 cu yd of inner harbor sediment wereredistributed over an area of
1 million sq yd (3,000 ft x3,000 ft), it would form adeposit about 2.25 inch
deep.Results showed a 1.5-inch depthof sediment exerted asignificant oxygen
244demand and continued to produce hydrogen sulfide, a condition which could
destroy normal bottom life.Dispersal of sediment over an area of 10 million
sq yd (9,000 ft x 10,000 ft) would form a deposit about 0.25 inch deep which
would probably be harmless.But to achieve uniform distribution of sediment
over a wide area would require careful planning and further knowledge of mixing
and settling of the sediment during dumping.Previous sediment dumping in
Bellingham Bay created a shoal opposite Post Point.
Outer Harbor Sediment
Sediment from the outer harbor had two characteristics which are of
concern when marine disposal is considered, turbidity and oxygen demand.
Turbidity may divert salmon from their usual migration route.Furthermore,
turbid water seriously reduces the efficiency of reef net fishermen who require
very clear water in order to see fish entering their nets at a depth of 15 ft.
The turbidity of various concentrations of sediment declined sharply to between
/4.0 and 70 ppm during the first 3 hr of settling (FIGURE 4).From that time on,
the turbidity declined very slowly and there was little difference in turbidity
of mixtures which had initial concentrations of 0.1% to 10% sediment.For
example, after 8 hr ofsettling turbidity ranged between 20 and 50 ppm, a level
which would interfere with reef net operations as tidal currents carried the
sediment northward, since normal turbidity in the general fishingarea averages
2.6 ppm and does not exceed 4 ppm (Kincaid, Wennekens and Sylvester, 1954, 1955).
A deoxygenated zone may also serve to divert salmon from their normal
migration route with serious reductions in catch by commercial fishermen
pursuing the fish in their accustomed places.In this regard, oxygen levels
less than 6 ppm may be avoided by some echo and chinook salmon (Whitmore,
Warren and Doudoroff, 1960) and presumably by sockeye and pink salmonas well.
Oxygen demand of the sediment was great enough to lower dissolved oxygen to
less than 6 ppm in a matter of minutes, depending upon the concentration of
sediment.Thus diversion of salmon during marine disposal of sediment is a
distinct possibility.
Furthermore, although most fish, including Pacific salmon, will avoidzones
of low oxygen, avoidance is not necessarily complete and some salmonmay enter
a deoxygenated zone and perish (Whitmore, Warren and Doudoroff, 1960).The
oxygen demand of a 5% sediment mixture was great enough to reduce dissolved
oxygen to values less than 2 pm in about 16 mm(FIGURE 6) and such low oxygen
levels led to loss of equilibrium in bioassays.Since mixing characteristics
245during dumping of sediment are unknown, the time required for a zone of
oxygen-poor water to be reaerated through mixing with oxygen-rich water is
unknown..
The impracticality of dispersing inner harbor sediment to obtain
substantial dilutions was discussed earlier and applies to the outer harbor
sediment as well.Thus it appears that adequate dilution to eliminate the
effects of turbidity and oxygen demand could not be obtained by any practical
method of widespread dispersal.
An alternative proposal to dump sediment only on ebbing tides also has
certain impractical aspects.The net movement of sea water entering the area
from Juan de Fuca Strait is northward through Rosario Strait past Lummi
Island; the net outflow leaves via Haro Strait, westward of Rosario Strait
(FIGURE 1).Because of this circulation, sediment dumped on an ?bb tide would
be carried away from Lummi. Island initially, but material remaining in
suspension would be carried past Luxnmi Island again on the flooding tide.
Furthermore, there are only two ebb tides per day which restricts the dumping
period considerably and makes the logistics of sediment disposal more complex
than could be reasonably regulated or controlled.This is especially true when
one considers that there would be about 230 barge loads ofsediment from the
outer harbor alone.
RECOMMENDATIONS
Inner Harbor Sediment
Sediment from the inner harbor was shown to be highly toxic and its
disposal by dumping would be a hazard to both surface and bottom marinelife.
There appeared to be no practical feasible method of either detoxifying the
sediment before dumping, or dispersing it to assure adequatedilution.Hence,
from the standpoint of total fisheries protection, it appearedill-advised
to dump this sediment in any area inhabited by fish, crabs, orshellfish.
As noted earlier, this sediment consisted of pulp fibers invarious stages
of decay.When dewatered it was very much like the waste pulp dredgedfrom
settling basins or otherwise discarded by pulpmills.Such material has been
used successfully for land fill.An odor problem would probably accompany
land fill in the initial stages but once the seawater either drained away or
was washed away by rain,the sulfate supply would be removed andhydrogen
sulfide would no longer be produced.In this regard, pulp fibers have
remained on the bottom of treatment plantsettling basins without production
246of hydrogen sulfide since sulfate is in insufficient supply.Thus the odor
associated with land disposal of sediment would not be continuous but would
exist only during the dredging period.
Outer Harbor Sediment
Sediment from the outer harbor constituted a threat to adult sockeye and
pink salmon fisheries if disposal occurred in the proposed area during the
months of June through October.Furthermore, juvenile Fraser River pink salmon
might be affected if dumping took place between March and August.Hence it was
recommended that sediment disposal not be outside of Bellingham Bay (south of
48° 40'N or west of 122° 35') between March and October.
This sediment appeared amenable to local disposal in the northernarea of
Bellingham Bay as it was a naturally occurring bottom material similar to that
of the immediate area and was found to sutport a normal bottom population in
this and in other studies (F.W.P.C.A. and W.P.C.C., 1967).Some degree of
hazard to fishes from low dissolved oxygen would accomtany disposal, caused by
the oxygen demand of the sediment.However, a previous study indicated that
hydraulic (suction) dredging of a channel in Chesapeake Bay did notcause gross
damage to marine life.Although some bottom animals were smothered, other
species began repopulation soon after dredging (Flemer et al., 1968).
Unfortunately, dissolved oxygen was not measured during the foregoing study.
In the present situation, it appeared thata hydraulic dredge could
dispose of the sediment in the immediatearea of the outer harbor, but outside
the shallow water (4 fathoms) used by juvenile bottom fishes.This proposal,
as suggested by the Washington Pollution Control Commission and Washington
State Department of Fisheries, could probably be completedwith minimal harm.
The problem of turbidity would be minimized if the workwere done during
summer (as suggested by the aforementioned agencies) when Bellingham Bay is
already turbid due to discharge of the Nooksack River.Additional turbidity
originating from natural sediments could probably be tolerated for thefew
weeks required for dredging.
Subsequent to completion of the study reported here, the Washington
State Water Pollution Control Commission, the WashingtonState Department
of' Fisheries, and the U.S. Army Corps of Engineers agreedon a modified
dredging plan.The modified plan called for retention of the inner harbor
sediment until a land disposal plan could be developed and hydraulicdredging
of the outer harbor sediment with disposal in the localarea during summer.
The contents and recommendations of this report formedpart of the testimony
used in formulating the modified dredging plan.
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ABSTRACT
Some new criteria for reviewing plans for new marinas and other shore-
tied structures in the regions of Puget Sound and Adjacent Waters thatare
to be added to the traditional list for planning design considerations,are
discussed as to origin and possible methods of compliance.These criteria
involve limits on the extent and type of structure to maintainwater quality
and to minimize barriers in the path of juvenile, migratory salmon.A model
is developed for describing gross kinematics ina marina of simple planform
for the purposes of comparing the effect of different geometrieson circu-
lation patterns.A few marinas now in operation are reviewed as illustrations
of how conventional designs conformto the new guidelines.
249Introduction
The projected figures for the grcth of pleasure boatingin the Pacific
Northst are impressive. A study for Ptet Sound (1968)estimates that
pleasure craft in the area will increase to 291,000 in 1980, up56% fran the
1966 level of 186,000, and to 551,000 by the year 2000. ¶Lforecast for
aiJi4 ticnal marinas, launching sites and related facilitiesparallels the
boat-nunber forecast.New envircunental awareness and concernsrelating to
the use of our water-related resources will requirethat designers of these
facilitiesnsider features that are Ix)t yet a part of conventionalpractice.
aE,eneP. Richey, Professor of CivilEngineering, University of Washington,
Seattle, Washington
250A recent (1969) reportondesign practices treats the geatry, physical
structures and econanics of typical marinas, but treats envirorrnental
issues in a few lines as itens to be checked against requirerents of local
agencies.The objective of this paper is to call attention to sate of
these local factors, water quality, the acccxrrtdation of shell fish and
migratory fish, navigation, shoreline equilibriijn and managelent, which
may influence the planning and hydraulic design of thenall harbors and
marinas that appear in the regional growth forecast.
Hydrography
Puget Sound, Hood Canal, the Straits of Juan de Fxa and Georgia,
approach a water area of sare 2,500 square miles.Figure 1 shows their
relationshiptothe Pacific Ocean.Althouh the region has many local
features that tend to becate lostinbroadly stated generalities, there
are a few descriptions applicable to the region as a whole.Tides are of
mixed type with unequal lows; ranges are in the order of 10 feet, althongh
insane places, like Seabeck on Hood Canal, the extrane range is fran -4
feet to +15 feet.Northwesterly winds are typical during the stmner season.
The highest speeds, however, are fran the southwesterly quadrant during the
winter storms.Speeds of 40 knots are quite canon; a burst to 70 knots is
an event likely in the life of any project not tcographically sheltered in
sane manner.Maxiimin wind wave heights are consideredtobe about six feet,
except in the Strait of Juan de Fuca where much higher values steriinposedon
swells may occur.Data on wave heights maasured by ndern techniques are
practically non-existent, however.The inflow fran the many rivers along with
the variable tidal currents and regions of great depth, give riseto inportant
density stratifications, and regional and seasonal variationsare considerable.
Littoral drift patterns have been assessed in a few sensitive places, such as
251at Ediz Hook protecting the harbor of Port 1nge1es, but a regional pattern
is fragnentary, and rates of drift at any one site have to be inferred fran
local indices and airical wave energy relationships.In spite of gaps in
basic data about Pnget Sound and Adjent Water, if a site is under stndy, an
exhaustive literature search for relevant background material should be under-
taken in the Oceanography-Fisheries Library at the University of Washington,
as well as in those of the regional and state agencies; nuxth dataisonrecord
and current research projects are bringing in nore.
Tidal Flushing of Marinas
Much has been written, and nore is "in press", about diffusion problns
inestuaries.BcMden (1967) discusses the basic principles of circulation and
mixing and surmarizes several approaches to large-scale applications.}kever,
the size of the marinas and objective restricted to describing certain
kinanatic relations allow several sinplifying asstinptions.The diffusion
process as a formal problan is not to be dealt with.The fresh water inflow
to the typical marina is snall, so only a single-layered systan needbecon-
sidered.(If the marina were tobelocated at the nouth of a creek of any
consence, likely it would be relocated to provide unimpeded accessto
migratory fish.)The usual water depth in a marina is only about twice the
tidal range, so effects of stratification on gross kinenatics are neglected.
¶Ise assunptions adnittedly may oversizilify the hydrodynanicsin a given
marina, but theydeallow sane useful first-order approxiinations to be obtained
readily.
A first nodel assures that the drininant notionsinthe marina maybe
found f.ari a azservation of volure basis, only, as statedinEq. 1 with
nodifference in surface elevations between the basin andthe estuary,
dY = dz, for the el.atent identified on Figure2.
252VANCOUVER
'.. T'1
ISLAND
rc T
m
I
(I ('q
pSrk.
EE5 ç
/N
)
OLYMPC
n . r I i -r A t
s_I LI I /\ -N/\
/ /_\
/\ /\ /
,-'
/\/
/\ /\/\/\
\
/'0
5'"O\
/\/\
''/' r
LK /' /o
C)
SEATTLE
\----T
I.
ta1%oftimewind 1Des ?bines
Stati.cn is within MPH range 2Shilshole
0-34-15 16-30
'I
Edrronds
Everett 14 73 13
5lagoon Point Seattle 35 61 4
Port1ngeles 20 42 38
FIGURE 1.PDet Sound and Adjacent Waters
253(V
zi
I PLAN
FIGURE 2.Definition Sketch
254that
x-
dz
zbV 4iiJ (bV +
For a horizontal bottart,( zf (x)) the vohitconservation requires
zb- (bv+- (bV+(bV)dx))z=-bdx
(1)
(bV)dx =b
(bv)= b lnz
L dlnz 10d(bV)= I bdx,sm
Jv Jx
V=V at x
V=O at x=L
1L
bVdt=dlnz bdx
x
dx = -Vdt
rL
-bdx = dlnzl bdx
Jx
J
din
I
z
z
L
(2)
j
z xl
0 O'X
255Equation 2 expresses the cxndition that if a parcelre at x0 when
t = 0, and z =andwere to trawl with the fluid velocity V, thenit
would be at a position x when the depth bexies z.
Since the right hand side (RHS) of Equation 2 is of the form dWu,
Ibdx
]_n.
z rL
0
J
bth
xo
bdx _Jxo
z rL 0 bdx
Jx
L L
zlbdx = z Ibdx
ix oJxo
(3)
For selected initial ccriticms, (x0, z)the RHS of Equation 3 is a
constant, i.e., the vol.ine between x0 and x = L.
Equation 3 can be adapted to solve for
a. x,givenx0,z0andz
b.z,givenx0, z0andx
c.x0, given z0, z, and x = 0
Qinditions in (c) allow for determthirx0 such that a parcel wouldreach
x = 0 in the interval that + z.LL equation can be adapted readily to
iterative iretlxds of solution for a basin of non-regularshape so long as
theasstxnption ofa uniform velocitydistribution, i.e., V = f(x) only, can
be made.In other words, the met1d does notallow for variations in velo-
city acrossthe basin, norinthe vertical direction as might develop in a
stratified flow.
256To explore Equation 3 quantitatively, consider a marina having a rec-
tangular planform, 750' x 1500', (about a 300-boat size), an entrance width
be = 100 feet, and a horizontal bottcin at elevation-15' MLTh7. Ce solution
of Equation 3 for this ass.xied gealetry is sIxn on Figure 3, where z0 is the
depth at slack flood tide, Zm is the depth at slack ebb. n for a parcel
at the midpoint x0/L = 0.5, a va1of Zo/Zm = 1.9uld be needed for the
parcel to reach the basin entrance at the ebb slack time.This is a valus
that would be possible on a high spring tide, but not during the neap cycle.
Equation 3 may be used also to determine the ebb slack position x of a
parcel that was at x0 on flood slack.For the illustrative basin, with a
bottan elevation of -15 MLtW, the ratio of initial depthtofinal depth Zo/7m
=2.4 for a typical high spring tide and 1.5 for a neap tide; results for
these tides are shcn on Figure 4.The travel distances depend only upon the
depth ratio, not upon the shape of the tide curve.The limitationsonflush-
ing fran the upper reaches of the basin by tidal action alone becxe obvious.
¶Emethod may be adapted to basins of irregular shape by step methods.
A definition of a flushing tine tintidal cycles is given by Bowden
(1967) as t = (V + P)/P, where V is the water voluie in the basin at 1water
and P the volxre at high water.CaTleth mixing is assited so t represents
only the lower limit of flushing tine; actual times may be much longer.
Entrance Veloc4y
The velocity at the entrance to a basin resulting fran tidal exchanges
is inortant fran viewpoints such as navigation, the paths ofnal1 fish
migrating along the shoreline, sedinent transport and its role in a material
balance, whichinturn may relate to biological and shoreline equilibriun
problns. A first estimate of this average velocity V as a function of tine
can be predicted fran tie continuity principle as
V /A(dZ/dt)
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0where A is the planform area of the basin,Ae is the cross-sectional area of
the entrance, anddz/dtthe tirrechangeof tidal height, asstired in this nxdel
to be the sate as the change within the basin.Thende1 does nct distinguish
between inning and outgoing currents.
The mixed tides with the unequal lcMs peculiar to the region requirea
cunbersane harmnic function to describe then throIxut a carç)lete cycle, so
it is expedient to use a simple cx,sinecurve overjust a selected limb of the
cycle to predict the entrance velocity.bre exact functions can be used for
a particular tide and place.Let the entrance depth for an ebbing tide be
z = B + (H/2) cost/T + H/2 (5)
where B is the depth at low tide, H is the full height range, and T the tune
fran flood to ebb slack.The average entrance velocity franuation 4 is
then
V = /A(ir/r) (11/2)sint/T (6)
The predicted velocity is plotted as Figure 5 for the dimensions of the sample
basin and a spring tide have H = 14 feet and T = 420 minutes.¶tvelocity is
directly proportional to the area ratio, so the first-order effects of changes
in area, tidal range and period can be ccttputed easily.It was assuned in
this ndel that the water surface height in the basin was thesane as in the
estuary (Figure 2).A ref irtent on the"continuity"itodel can be nude by
using the Energy Fuation, written between the water surface inside the basin
and thatinthe tidal zone outside the basin entrance, to obtain:
V12/2g+ Y =V22/2g+ z
V12/2g+ Y =V22/2g+ z hL (7)
where the last term is the sirmation of all losses.After neglecting friction,
accelerations, bottan slope, velocity heads in thebasinand in the estuary,
andassuiirig the only inportant loss is the kineticenergy in the entrance, the
259entrance velocity is forid to be
V =v'2g (Y-z) (8)
This technique has been used quite sucoessfully by Halliwell (1967) in planning
closures for estuaries.The effects of sills can be included in the analysis
t!y consideringthas possible control structures.The voli.xne flux Q throh
the entrance must equal the voltrne drawn fran the basin, so
Qdt=-AcIY=VA
and Ae canbedetermined fran the entrance gearetry arid Equation 5.A solution
of Equations 8 and 9 for the saie gearetry used to solve the firstvelocity
nx1el is plotted for canparison on Figure 5, along with other geanetries to
shcM tbe relative effects of areal and tidal parameters.
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FIGURE 5.Entrance Velocity
260One-dimensional fl.i was assxned for bothprediction idels in order to
obtain readily the gross kinenaticseffects due to alignment of entrances
with resnect to the main body ofthe basin, the particular entrancegeartry,
the presence of boat silos, windstress, nor bottan configurationssre
included.Estimates of the effects of entrance andalignment geartry in the
individual case might be obtained franpotential flctheory as used by French
(1960) or fran saie analogue technique likethe fluid mapper (bore, 1961).
Hover, experinntal data fran prototype sitesor physical medels are needed
to check the prediction nDdels and toassess the relative inportance of the
secondary influences.The elntary approach providesa first approximation
which may be quite adequate forsate applications, but the secondary effects
could be of primary irrportance in othercases.
Migratory_Fish and Marinas
The State of Washington Departhnt ofFisheries has released (Feb. 1971)
a report which establishes guidelines ".. togovern design and constrirtion of
facilities that might affect the fish andshellfish resources under jurisdiction
of the Departhierit of Fisheries.The criteria... will be imediately irrple-
rnented in review of applications toconstrxt facilities along the seashore,
particularly bu1Jches, landfills, and marinasin all marine waters lying east
of Cape Flattery..'This renort fo11ci.is an earlierone by Heiser and Finn
(1970) on juvenile salnon in marinaand bulkheaded areas.Sane of the infor-
mation fran these tso reports which relatesnost closely to the marina hydraulics
is paraphrased here for the presentdiscussion, but the reader shouldsee the
original renorts for additional renarkson biological and water quality matters
and for a full listing of the design criteria.
Pink arid chtzn sairton fry, the speciesnost vulnerable to predation by
sore vigorous fishes and susceptible to other hazards,migrate in only the
upoer 6-12 inches of water; they suffer increasedpredation when forced to
261nove into deeper water.This trait has a direct bearing on design criteria
for structures in the zones of migratory sa]iton, which means nost of Puet
Sound and Adjacent Waters, and surely will be a factor to be reckdwith
in any cooling water systems in these regions, altbouh the reportsderot
cover this point.
The genera]. thjective of the criteria is to maintain naturalsherelines
and beach slcpes so far as possible, to provide adequatecirculation within
marinas, andtorequire strtx±ures that will. neither force juvenile salnon
into deep water nor provide a habitat favorable for predators.Saispecific
criteria are:
1. ristruction of a bulkhead and/or land fill with a vertical
face is limited in seaward extenttocertain tidal elevations specified
by regions, and is set at +9 feet in the area of Seattle,for instance.
Q,nstruction of riprap or stepped forms may proceed furtherseawardto
another limiting elevation, again set on regionallevels, but is +6.6
inthe Seattle area.
2.Breakwaters and/or bulkheading built seaward in a plane perpen-
diculartothe sboreline shall notbeallowed as a continlx)us one-piece
structure.The tow of a shere breakwater may rot extendseaward
beyond the zero-tide level.
3,'flu beach inside a marina is subject to the seelevation limits
as in (1) above.
4No restrictions are applied to the form ofiolated breakwaters,
except that any breaches shall not be lessthan 20 feetinwidth,
measured at the tow, and pre-project depths must bemaintained.
'lb see 1'z a conventional design might bealtered to accatuodate sate of
these criteria, refer to the schanatic layout ofFigure 6a. 'l1bulkhead at
the shere is asstiiEdto bevertical, the bottan excavatedtoa constant depth.
Breakwater materials and sections are ctosen onthe ecc*nics of structural
requirents, only.The single entrance is oriented to minimizeinfluent wave
energy, and a culvert has beencalled forinone breakwater for circulation
purposes.Under the nz criteria, Figure 6B, the extentseaward of the
vertical bulkhead has been limited as under(1) above, as is the beach.The
construction material and sides of the trio structuresnormal to the Sloreline
262"0" Tj
FIGURE 6a. COflVtja1 Layout
-
Slope
'J42lnit
not steeper than 1. :1,5
20' +
t least two openings)
FIGURE 6b.Revised layout
263
Bridge
"0" Tidehave been chosen to conform to preferred material and minimun slope, gaps
have been provided on the shore ends since the fish refuse to enter a
culvert, and the seaward end has been terminated atzero-tide line.The
outer breakwaters have been detached with nththmxn gapsof 20 feet, and have
multiple openings to increase water circulation.The breakwater segitents
have been offset to divert wave energy fran the marina.Floating breakwaters
uld appear to be a good guardian of marinas so far asthe salnon fry migra-
tion paths are concerned, and, indeed may be aneconanical alternative in sate
locations where water depths preclude a fixed breakwater andlong wave lengths
are excluded for sate physical reason,but are not a prcrnising solution on
exposed sites.
The new criteria provide the planner anddesigner of shore-based facili-
ties with long-needed guidelines.Increases in cost may be associated withthe
cons trrtion of sane marinaccrnponents.Hcver, the market is a luxury one,
thongh not necessarily a luxurious one, andshould be able to absorb the
ndest cost increases to help maintain a resourcethat adds pleasure to pleasure
boating.
The Lake Chelan Case
An action by the Suprne Court ofWashington on Decnber 4, 1969 sets
forth another consideration for theplanning input to shoreline deve1crents
in the state.According to Corker (1970) "The courtsordered defendants who
had filled their lands, which areseasonally inundated by the waters of Lake
Chelan, to rtove the fill becauseit obstructed the rights of the olaintiffs
and the public to swisn, boat, fish,bathe, recreate, and navigate in the
waters of the lake.This principle applies to all navigablewaters of the
state."Corker discusses the case at sanelength, and includes definitions
of the terms "navigable" and"navigability".A reply to Corker' s analysisby
Rauscher (1970) states a contraryview with respect to both the lawof tidelands
264and shorelands in lakes, which flixtuate only naturally, and the effect of
the Lake Chelan case upon that body of law.It may be sanetirne before the
spectrun of cases falling under the Lake Chelan ruling is fully defined.
One opinion is that breakwaters to protect a marina are "aids to navigation"
and therefore do not cane under the ruling.However, plans for any s1ore-
line develcrnents need to be projected against the Lake Chelan ruling for
possible conflicts.
Marina Examples
Five existing marinas (located on Fiqure 1) will serve as examples of
possible field study sites and catiparisons with sane of the planfonn require-
nts of the new criteria; Heiser (1970) reports on observations of juvenile
salmon in the first four of these.
The Des Moines Marina (Figure 7) has a single entrance on its northern
end.This location is desirable fran a wave-energy standpoint, but not fran
the water exchange view.Northerly winds are amnon during the active surrner
boating season, which may inhibit the outward movnent of surface water.The
sirrple kinnatic model should yield reasonable results here, for the gearetry
is relatively simple.The effect of boat slips is unknown, of course.Very
likely, under the new criteria, a second ocening at the southern end ould
have been included in the design to increase circulation throth the marina.
The Shilshole Marina, Figure 8, is discussed in sane detail in Reference
1.Its detached breakwater with the tso major entrances provide good tidal
exchanges and movents of surface currents by winds fran either of the to
freqtnt sectors.
The Eatonds Marina (Figure 8) has a single, central opening with a re-
entrant breakwater wing on the north side.The marina might be analyzed in
to parts, with corrections for the asWnetric gearetry.Pny gaps that
might be snggested for either of the to breakwaters that are normal to the
265shoreline ould have to caensatefor incident wave energy on thesouth
side and the f 1cM frau secroutfall just off the north side.
The Cultus Bay Marina (Figure9) is relatively long and narrcM,with
shallow beaches.It opens toward therth, so the water in the upperend
stagnates and becates quite warnbecause of the shallow depthsand poor
circulation.
The Lagoon Point site (Figure10) on the western side ofWhidbey Island
has been developed byexcavating behind the normalbe-ch1ine.The channel
fornd bydredgingthenall creek that drainedthe marshland is the only
opening.Its crossing of thebeachline has been protectedby tshort groins.
The general planformconfiguration does not lend itselfwell to a field study
site.
Conclusions
The new oriteria to be usedby the State of WashingtonDeparthent of
Fisheries in the review ofapplications for the constructionof shore facili-
ties such as bulkheads andmarinas form one utore instancewhere ecological
parameters need to be addedto the ones used nretraditionally in the planning
and design of water-orientedstructuresTwo major points sofar as marinas
are concernedrelate to limits on theseaward protrusion ofshore-connected
structures, and therequir'nents for better wavecirculation.'I\.o nrediction
irodels for assessingcirculations due to tidal effects weredeveloped; the
second nodel showed thatneglecting the exit loss 'wouldbe a permissible
assuinption in trost instances.It appears that these newcriteria can beven
into the existing planningand designproceduresin quite the same way as any
other new regulation onnavigation, safety, etc.,uld be handled.
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ABSTRACT
Our modern marine aids to navigation system isdesigned to give the
mariner maximum assistance in transiting our navigable watersafely.'Types
of aids within the estuary include ranges, passinglights, buoys, and day-
beacons.Individual aids are located, designed and maintained to serve
the specific needs of the mariner.Equipment is designed to provide effi-
cient operation without sacrificing reliability.
272The first knownman-madeaid to marine navigation in the
western world dates back 2,250 years.Even before then, sailors
were undoubtedly guided by the smoke and fires of volcanoesas well
as by the sun, moon and stars.In 280 B.C. amassive400foot tower
was built on the sunimit in the Pharos of Alexandria, Egy-ot,on
which a wood fire was kept burning.The tower was started by the
first Ptolenand completed by the second Ptoier, ata total cost
of 800 talents (2,400,000shekels).The pharos of Alexandria was
numbered among the Seven Wonders of the Western World,and it gave
use the word flpharolor,T meaning the science o1 lighthouse design
and enineering.
273A modern aids to navigationsystem bears no resemblence tothis
ancient wonder, or even theaids of 100 years ago.Vast increases
in the number of users,including recreational boatmen, anincrease
in vessel size andspeed, transportation of bulk cargoeswith
potential adverse affects cn marineecology, have all contributed
to the growth andimportance of our marine aids tonavigation
system.The Coast Guard operates andmaintains over 24,000 aids
within the navigable waters of theUnited States.In addition
to protecting the life andproperty of users, our systemplays
a key role inpreserving the environment 'or everyonedependent
on our estuaries foreconomic and recreational support.
To the casual observer, mostaids look the same except for
color and light characteristic.Selection of a specific aia is
governed by operational criteriaplus physical characteristics
of the station.On an estuary such as theColumbia River , all
tyies ol' aids are encounteredby the mariner.They include lighted
and unlighted buoys, lightedstructures, daybeacons, and ranes.
Each of these will providethe user with one or moreof the
following audio/visual services:
1.Daymark with visual identification.
2.Radar target.
3.Light with visualidentification.
4,Audible signal.
A system of marine aidsto navigation must beestablished
and maintained aebordingto several basicprincioles.Aids are
274instiled alonr a coast and naviah1eatertrars and aboard stationary
vessels; to enable navigators to determine their position with
relation to land, other visible objects and concealed, isolated
dangers; to follow natural and improved channels; and to determine
theirosition on the high seas.Different types of aids are used
solely to meet the requirements of varying locales and navigators.
The system should be based on the following principles:
1.It must be sufficient to serve the needs of the armed
forces and permanent and substantial cormierce of the country involved.
The term 'coxmnerceincludes international and coastwise trade,
coimnercial and recreational fishing, and recreational boating.
2.Each aid in the system must be justified in terms of
rublic benefit to be derived therefrom.
3.It must provide a uniform, simple method of identifi
cation and distinction of one aid from another.
4.It must be reliable.teliabllity is essential to the
safe use of the system.Whenever a deficiency exists, the mariner
must be expeditiously notified of it.
5.It is rassive.An aid to navigation is only a tool
of the mariner as the nameaid' applies.The aids and precautionary
notes pertaining to them make available to the mariner certain
valuable information.The interpretation and use of the information
are left to the discretion of the mariner.He must judge for
himself whether the position obtained is dependable and accurate
and what steps are needed to assure his safepassage.The amateur
navigator often forgets that the aid isssive and that he must act.
2756.An aid to navigation by itself does not provide a
mariner with all the information he needs.Proper use of a
system of aids to navigation requires that the mariner seek
additional information about the aid, its location and purpose by
consulting up-todate charts, Light Lists, appropriate Sailing
Directions, and Notices to Mariners.Accordingly, accurate and
timely information on the type, characteristics, and location of
each aid must be provided the mariner through the specific publications.
The estuaries of the Pacific Northwest offer a great challenge
to the officers and men resDonsible for providing a safe marine
highway.Location of the entrances of estuaries along the Oregon
and 1ashington Coast has given us the dubious honor of having the
roughest buoy station in the entire United States (Clatsop Spit
Lighted iThis tie Buoy 4 on the Columbia River Entrance Bar).
As we proceed from sea, the forces and conditions change
drastically and require varied solutions discussed in the following
uaragraphs.
BUOYS
Buoy design employs all of the princiles of vessel design with
the added factor of a fixed mooring under all conditions.Lighted
buoys are designed with a period of roll approximately five seconds
and a idegree maximum angle of roll to afford the mariner an
opportunity to observe the light characteristic at its advertised
intensity during each oscillation.
Buoys come in many shapes and sizes, each designed to support
aayload under particular conditions.A buoy is requireden a
fixed structure is not feasible due to:
2761.'Tater depth.
2.Local sea conditions.
3.Current.
4.Unstable channel or bottom contours.
5.Frequent contact with passing vessels, tows, or debris.
Table I shows the performance characteristics of standard
lighted buoys.The lighted whistle buoy in Figure 1 is typical of'
the Columbia River Bar Channel buoys except 1 7/8chain is used
to withstand the tremendous loads imposed on the mooring on our
bar stations.At the other enu or the spectrum is the sixth class
unlighted buoy similar to the type used in the upper Columbia River
(Figure 2).
Selection 01' aarticuir cuoy i.o do the job depends on the
following requirements:
1.Geographic location (exposed, semiexposed, or
sheltered).Exposed locuions demand buoys with a large reserve
buoyancy to sunport the vertical component of the mooring load
during adverse see. conaiuions.
2.Operational range of the light.The height of the
focal plane must be sufficient to assure the geographic range 01'
the llgnt. equis or exceeds the operational range.
3.Visual range of daymark.Daymark areas and height
to permit visual detection unaer s1natra visibility and sea
conditions.
4.Comparative radar range.
5.Depth of water.Minimum depth governed by buoy
underwater dimension and minimum allowable mooring.Maximum depth
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280depend on reserve buoyancy available to suppor mamum lengtfl
of standard mooring.
6.Desired service period.Length of service perioa
must be e.seeeueu oy Rat.ect Battery Discharge Time.RDBT is a
function of light characteristic and. lamp size for a particular
size of battery power unit.
Size and weight of the selected buoy determine the require
menus 01 une servicing craft.Steel buoys will eventually give
way to buoys constructed of lightweight materials suen as filament-
woundglass reinforced polyester resin(Figures 3 and 4)
Figure 3 Figure 4
and rotationally moictea high density polyethylene (Figures 5, 6,
and 7).Their use will afford a more cost/eftecuive system without
reducing service to the mariner.
281r'igure 5
Figure 6
Figure 7STRUCTURES
Lighted 1ieci structures and unlighted daybeacons afford the
mariner an accurate rererence point in cietermining his position
relative to hidden dangers or the limits of a channel.In this
respeel. '&ney are a mucn better aid than a buoy if certain criteria
can be met:
1.Location with respect to the channel or danger.A
feasible site must be located close enough to the danger or
cnannei. limit to insure the mariner wifl remain in Tgoodt water
when passing the aid.
2.Depth of water.Limiting depth of water for marine
structures is generally 30 leet.
j.Height.Elevation of the light must be sufficient
to place the beam at or near the fleignt oi eye or normal users.
The platform, daymark, and equipment must be above allwave action
or maximum high water.
4.Bottom conditions.A structure is fixed until
destroyed or moved.Therefore, it is not economically feasible to
build marine structures along constantly changing portions ofa
channel or on land sites subject to rapid bank recession.Certain
hard bottoms exclude fixed structures because oitne cost o1
driving pile substructures.
5.Longevity.Sites that subject a structureto
rrequent destruction by vessels, tows, or debris preventeconomical
maintenance or this type of aid.Life expectancy of aids vary but
a 25 year lire is not uncoron in our estuaries.
2836.Wind loads.The struôture must withstand local wind
loads on the daymark.Winds in excess of 100 miles per hour are
not rare at the entrances of some Northwest estuaries.
Because the supporting structure plays no significant part
in a mariners use of an aids, its construction can varygreatly
to best satisry the above criteria.Use of single concrete piles
(Figure s) or steel pipe piles (Figure 9) give a "clean"
Figure 8
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i"igure 9
low-maintenance structure.Treated wood pile structures are also
common.One design, a 5 pile dolphin was originated foruse on
the Columbia River.Its piles are u.nbraced and rely ona wire-rope
285binding at the top for structural integrity.The resulting
structure is IlexiDie enough to survive repeated contactby debris
and an occasional love tap byapasing tow.
RANGES
.A range is a pair or lights and daymarks used to establish a
line of definite bearing, connonly the centerline of a channel.
The lights ama aay-marks lie on the same axis as the rangeline
and the rear ones are or higher elevation than thefront.A
navigator makes use of a range y keeping the twolights and
daymarks vertically in line as he progresses into achannel.
As he moves sideways in tne channel, a navigator estimatesthe
distance he has departed rrom the range line by theapparent
lateral displacement or the two lights and daytnarksrelative to
ach other.Figure 10 illustrates a typical range.
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Figure 10From an economic viewpoint, a range is one of the more
expensive aa.as to navigation, and therefore should be designed to
provide the best possible service per dollar cost.
A range nas three unique properties:the minimum acceptable
vertical angle between the two lights or marks, the lateral
sensitivity of the range measured by the coerrlcient. K, and the
relative brightness (brightness balance) or the two lights.
The vertical angle or separation or two range lights is a measure
of the opening errect; that is, their ability to be resolved as
two separate lights.This is the angle subtended by tne two
lights at an observer at the far end of the range, srlown as
angle A in Figure II.
OBSERVE
M. H.W.
EDGE OF CHANNEL
VerHca1 Ar9L and tateral Scnsifvty of Ranies.
Figure 11
287Experience has shoi'm that if A is equai. to or greater trian
4.5 minutes of arc a person with average eyesightwill see two
lights.
Lateral sensitivity is the measure of the ma' s ability
to detect a change in a ship's lateralposition.It is measured
by the rapidity with which the lights open(deviate from a
vertical line) as trie ship moves crosswise in the channel.
The coefficient of lateral sensitivity, K, is computed by
the formula:
K WR ;wnere
D(Ii-h)
K is the coefficient of the lateraL sensitivity(in ctimensionJ.ess
units); is the width or the navigable channel infeet; is the
distance between tne structures; and h are the heights ox tne
si.ructures; D is the distance from trie rar ena 01the channel to
the front structure.
The two lights of a range should appear to be ofapproximately
the same brightness; however, an exactbalance at all points along
the range is impossible.The two brigritnesses should not be so
unequal that one light completely obscuresthe other.Arbitrary
criteria have been established to governthe permissible "unbalance
of range lights.In general, the brightness of onelight should
not be more than five times theother at any point along the range.
The problem as presented to the designer isusually in the
following form:it is desired to construct a range on thecenter-
line of a channel whose length is C feetand whose width is W
feet.The simplified solution is presented forthe general case
288in the stepsbelow.(1)AU linear units are in feet.
Ste1 - Determine the minimum distance from the front
structure to the near end of the channel.If the distance is
called M, the D (the distance from the front structure to the
far end of the channel) is equal to Iplus C.Such facts as the
depth of water, nearness of land at the inner end, the ability to
obtainropert.y, and the type of terrain must all be considered
in locating the front structure.But there are also minimum
limits set by the geometry of the range and the brightness of
the lights.
The minimum value for M due to the brightness balance of the
lights is deter"ined by the following relation:
M C
mm 1'1(Ql)- 1
K C
irhereequals the ratio of the brightness of the rear light to
the front light at the far end of the channel.The initial
assumptions are that Q=5, K=O.5 and A=4.5'/3438 radians, so chosen
to meet the minimum engineering and operational standards.
Looking at the geometric limitations it is observed that in
some cases, for small values of M, the rear light will have to be
very high so that at the near end at least 50% of the rear daymark
is visible and the vertical angle is at least /.5', while a much
smaller structure would insure the required conditions at the
far end.By choosing a larger value for M, the height of the
(1) USCG Civil Engineering ReDort CG-250-39
289rear light can be decreased and thusthe cost.At this point it
cannot be determined whether or not this factorwill enter into
the problem so the smallest possible value forH is chosen.After
having chosen the value for H that is suitablefor the local con-
ditions and that is larger than R is selected.
Step 2 - The distance R between the range structuresis
determined by:
R D
______-1
K D
This equation will give the minimum value ofR upon substitutions
of the values for K and A which meetthe minimum standards; i.e ,
D
343&1 -1
4.5 0 K.1
If B. is chosen, due to theractical considerations of the area,
to be larger than either K or A or both will increase
deending upon how the larger choice ofB.affects the other dimen-
sions.It is best to keep B. as small as possible asthis will
help keep the height of the rear light to aminimum.
Step 3.- The sizes of the dayrnarks,which are to be placed
iimnediately below the range lights, should bedetermined now for
they too affect the height of the structures.The charts on size,
color and visual range of daymarks are givenin Table II.
The front dayinark should be visible at adistance 0 and the
rear at a distanceD+R.Let:
1 = length of the front daymark
L = length of the rear daymark
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291Step 4 - The height of the front structureis determined by
the following considerations:the daymark must remain above the
high water level, above all objectsthat would obstruct it from
view, and yet must be as low as possibleconsistent with these
requirements; This aslow--aspossibleconsideration is a major
factor in an economic and stillgeometrically sufficient solution.
The value of h, measured from NIH, is thusdetermined by:
h = 1 + "extra"
where 1 is the daymark length and"extra" refers to the largest
"extra" positive value found of thefollowing five terms:
1."Extra" equals the height necessary to keepthe
daymark high enough above any obstructionspresent so that it is
visible along the entire length of the channel.
2."Extra" equals the height necessary tokeep the
daymark safely above the high waterlevel and wave action.This
height is also measured with referenceto MIW and therefore must
be at least as large as the mean rangeof tide, t.
3."Extra" equals the height necessaryfor proper
geographic range.
4.If the front structure is built onland:
"extra" equals elevation of the siteabove MIW
5.The only consideration given to aheight of eye
greater than 15' in the "extra"calculation is in the case where at
the near end of the channel theship's bow actually would hide
the observer's view of thefront daymark (this calls for asmall
292M value).In this case the bow is treated as an obstruction at
this near point only and the tiextran value calculated.
Steo 5 - Now that the physical dimensions of the range have
been established, it is necessary to select the proper lighting
equipment.First, the ratio of the effective intensities of the
two lights must be determined to insure that a brightness balance
of 5:1 exists at all points in the channel whenever the trans.-
missivity is greater that some minimum value.The intensity
ratio must fall between the limits given by:
c±J1 2>.i(rear)> j 2
L D J 'e (front) QTR/6OO L N .1 mm
where Q=5 and Tuin is the minimum transmissivity (per seamile)
above which a brightness balance must be maintained.If when
analyzing a specific range, the numerical value of the left side
of the equation is less than the right side, the brightness balance
condition cannot be satisfied for all transmissivities greater
than The operational requirements must be relaxed to allow
a greater value of Tmjn, i.e., brightness balance will be achieved
fewer nights of the year.
Step b - The ininiuiunt required effective intensities of both
lights, sufficient to be seen to their operational range (generally
beyond the far end of the channel) for some high percentage of the
nights of the year, must now be determined.Either Ailard's law
B=ITX
or the Allarclt s Law Nomogram may be used, where the value of B is
selected for the appropriate background lighting conditions.
293It will now be necessary to increase theniiniinum required
errective intensity or one or the light(generally the rear) to
meet the intensity ratio establishedin Step .
Step '/Select the lighting equipment from thecandlepower
tables, Civil. Engineering Report No.12D, which furnish the
required effective intensities andcharacteristics for the front
and rear lights.This equipment will often have effectiveinten-
sities somewhat larger than the ininiimmirequirements founci in
Step b.
Step Calculate the brightness of the actuallighting equip-.
ment at the near and far endsof the channel calculating the four
brightnesses, form the ratios:
B2
and insure that
°?
B2
iaJ.
LIGHTING EQUINT
22
and
B22> 1
Conversion of a minute amount orelectrical energy into a
reliable, intense, and indentiflablelight source is no small task.
The energy used in our system is generaiJ,yderived from primary
batteries in the buoy or on a structure.Some fixed aids use
commercial power when available.The energy is metered to the
incandescent lamp by two regulators(1) a photo-sensitive daylight
control to activate the light onlyduring periods or darkness or
reduced visibility and(2) a solid state timing device capableof
294giving the light an accurate characteristic, regulating input
voltage to the lamp, and sensing lamp filament failuresand.
advance a new lamp to the burning position.The incandescent
lamps used in aids to navigation are prefocused duringmanufacture
to insure aLL lamps burn in the same position within the optic.
Selection of the most cost/effective lighting system is
dependent upon:
1.Type of aid.The type of aid determines the lantern
and lens to be used.Both buoys and fixed aids use a 3ô0° fresnel
lens to produce a narrow horizontal fan beam.Vertical divergence
of the lens for a fixed aid is two degrees while thebuoy lens
has a five degree divergence.The useful light beam of a range is
very limited so this type of aid requires a parabolic reflector
combined with a lens to gain maximum light in a horizontal beam
limited to 30 degrees.
2.Required luminous range.The ctistance between a
light source and a point at 'rhich the light just stimulatesa
visual response is the luminous range.It is a function of
effective beam candlepower, transmissivity, background lighting
conditions, and the adaption of the observer'seye.Lamp size
and battery requirements are determined by these factors.
SOUND SIGNALS
Sound signals can be placed on any aid, providing adequate
power is availaLe to operate the signal.Sorue buoys use wave
actuated whistles, gongs, and bells.This type of signal is of
limited value clue to their extremely short range and relianceon
295buoy motion for output.Battery powered electric air oscillator
signals are used both on buoys and fixed structures.Battery
requirements generally limit this type or signal to ratings of
less than one mile.Larger signals must be powered by commercial
power.Selection is determined by:
1.Required range.The size of the signal and its
power requirement are a function of the rated auaible range.
2.Size of vessel using the signal.Background noises
on large and small vessels dirrer appreciably and are a factor in
the selection of the frequency and sound pressure level to insure
detection in the presence of background noise.
3.Site conditions.Prevailing wina, local atmospheric
conditions and topography have a great influence on the Dropagation
of sound.
4.Effect on the surrounding environment.While a sound
signal may be a very good aid for the mariner, it makes a very poor
neighbor in a populated area.The impact on all aspects of the locale
must be considered prior to establishing any sound signal.
296Historical Changes of Estuarine Topography
with Questions of
Future Management Policies
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ABST1ACT
The ephemeral nature of the estuarine environment makes it essential
that man's most sophisticated tool, intelligentmanagement, be employed
to preserve and develop the special resources of that environment.This
paper raises a nuniber of questions relating to future coastalzone manage-
ment policies and attempts to answer these questions ina manner designed
to provoke constructive thinking and discussion asa requisite to the de-
velopment of an effective plan for coastalzone management.
297As Dr. Russell of the Louisiana StateUniversity
pointed out at the Conference on Estuaries held atJekyll
Island, Georgia, in 1964, this is an excellenttime to
discuss estuaries as, in a few ten thousand yearsfrom
now, estuaries may be quite rare.In their place will be
numerous valleys withalluvial flood plains widening sea-
ward and, in some cases, blending intodeltaic or other
coastal plains.He further states that few estuaries can
survive for more than a minute fraction of ageological
epoch, since it appears probable thatanother glacial
stage and lowering of the sea levelwill be accompanied
by the disappearance of practicallyall estuaries and the
erosional entrenchment of rivers crossingtheir alluvial
deposits.Although neither the geologic past nor the
298future holds much promise for estuaries and, inmany
cases, today's estuaries seem headed for rapid extinction,
their very existence at this stage in timeprovides an
excellent opportunity to study their peculiarregimens and
to make maximum use of their unusualresources for the
further enrichment of man's presentway of life.
Perhaps the ephemeral nature of estuariesmay no
better be illustrated than bya review of changes in topo-
graphy that have occurred inone major West Coast estuary
during the past century.It was my fortunate experience
a few years ago to uncover the Annual Report of the Chief
of Engineers, U. S. Army, for theyear 1903, which con-
tained sketches of the configurationsof the Columbia River
entrance area as they existed in 1885 and continuingyear
by year until 1902.Using these sketches and themore
recent condition surveys of the Corps of Engineersit was
possible to develop a color film depictingthe changes
occurring in the topography of the lowerColumbia estuary
and entrance area, which will be shownat this time.Some
of these changes, it will be noted, havedeveloped in obvious
response to works of improvement for navigation whileother
changes seem to have more elusive origins.Depths below mean
lower low water are shown in shadesof blue on the film, with
the darker shades of this color denotinggreater depths.
This film was prepared with thecooperation of the Division
Engineer, North Pacific Division and theDistrict Engineer,
299Portland, Oregon.In view of its brevity and the magnitude
of the changes in topography involved, it will be shown
twice to provide you an opportunity to recognize the signi-
ficance of these changes.In this connection, your parti-
cular attention is invited to the development, bylittoral
drift, of land masses between the mid-point of. the South
jetty and Point Adams, as well as to the build-up of land
behind the North jetty as this structure was extended sea-
ward.
SHOWING OF FILM
With this background and our real, but incomplete,
knowledge of the unique resources found onlyin our estuaries,
it is only natural that we should seek the meansof preser-
ving our fragile esturaine areas and of enhancingthe growth
and development of their special resources, now sovital to
our economy and, in another sense, soessential to man's
continued enjoyment of their non-consumptivebenefits.We
are all aware of the inroadsalready made by man in the estua-
rine environment resulting from his past preferencefor short-
term benefits over long-range values.This preference has
upset the ecological balance ofthis delicate environment by
the destruction of estuarine bottom areasthrough the filling
of marsh and tidelands; alteration ofthe tidal prism, as well
as currents by structures;introduction of unusually large
quantities of sediments into the estuarineregime by deforesta-tion, flashing run-off and poor agricultural practices in
the upland areas; and the creation of sediment-trap charac-
teristics through dredging in the interest of navigation.
Further, organic enrichment, through disposal ofraw domes-
tic and industrial wastes into estuarine waters, hascon-
tributed significantly to oxygen-deficient conditions.In
some estuaries, particularly along the Eastern Seaboard,
practically all the rich resources these regionsonce har-
bored have been destroyed, while we, on the West Coast,
find our situation not so hopeless but, nevertheless,some
of our more important estuaries seriously threatened because
of man's preference for short-term benefits.
Dr. Cronin, Director of the Chesapeake Biological
Laboratory, states that man's past actions in estuaries
have been poorly and incompletely planned, unimaginative,
and frequently destructive.In view of the many important
uses served by these waters, he stresses that it is impera-
tive that a new major human force be utilized in thefuture
the force of intelligent management.Application of this
force will require the use of many kinds of tools andtech-
niques, ranging from original fundamental oceanographic
research to regulatory changes and public education.Some
of the approaches necessary for intelligentmanagement are
becoming apparent and it is perhaps timely forus to explore
some of their potentials at this time.With this in mind,
let us ponder a number of questionsas a means of identifying
301and analyzing the tools for coastaland estuarine management.
1.DOES BASIC RESEARCH HAVE A PLACE IN THE
MANAGEMENT PLAN?
In spite of the growing attentiongiven to estuaries
in recent years, we must admit that mostof the controlling
parameters are still incompletely andinadequately under-
stood.With respect to the physical processes,only gross
estimates can be developed for the patternsof flushing,
circulation, vertical mixing and diffusion andfor such
phenomena as light absorption,sedimentation rates, current
direction and velocity, and salinityintrusion.More know-
ledge is needed for a betterunderstanding of chemical and
geological factors affecting estuarinebehavior.It is
also clear that our presentbiological knowledge of estua-
ries is weak, notwithstanding the factthat these regions
have been heavily utilized by man forcenturies for the
production of food.Other areas of research exist in the
fields of economics and social science.Here, intelligent
management needs a valid estimationof the economics of al-
ternate courses of action which maymodify existing patterns
of human activity.Evaluation of the recreational use and
potential is difficult, particularlyin the non-consumptive
fields of beauty, cleanliness, andpersonal enjoyment.In
the social and political areas,the resistance man demon-
strates to changes in workinghabits is difficult to compre-
302hend.Thus, it appears abundantly clear that basic
research is a badly needed and essential tool for the de-
velopment of an intelligent plan of management ofour
coastal resources.
2.WHAT ARE THE GOALS OR OBJECTIVES OF AN
EFFECTIVE MANAGEMENT PLAN?
There are many goals or objectives that may be selec-
ted to achieve the most desirable type ofuse or development,
including preservation where appropriate, ofour coastal
zone including estuaries.These goals or objectives may
stress such aspects as improvement of water quality,exploita-
tion of their biological resources, preservationof their
scenic attractions and the attainment of the maximumrecrea-
tional potential, to mentiona few.The question appears to
resolve itself upon the present physical characteristicsof
each estuary being studied and the relationshipof these
characteristics to the integrated desires of thelocal, State
and Federal governments.Not all estuaries, due to differing
physical characteristics, offer thesame opportunities for
development, just as therevery likely exists no uniform
integrated State-wide desire for estuarinepreservation and
development.Goals and objectives are, nevertheless,essen-
tial choices that must be made, initiallyat the local level
and later from the overall position of theState and Federal
levels.In general, it is believed that the guidingprinciples
303for the selection of goals for coastal and estuarine
management should employ the concept of fostering the
widest possible variety of beneficial uses so as to
maximize the net social return.Once goals or objectives
have been selected, they should be vigorously pursued
through the formulation of policies, projects and pro-
grains - with means of implementing all threeelements.
3.HOW DO WE GO ABOUT ACHIEVING THE SELECTED
GOALS OR OBJECTIVES?
Achievement of the selected goals or objectives is
the primary purpose of an intelligent plan forcoastal and
estuarine management.The development of this plan, which
is more properly a continuing process forrational manage-
ment, has its roots in the desires of local government.
Furthermore, this process should be an integral part of
existing governmental activities, includingplanning and
management at all levels.The State, with the advantage of
overview of local problems, constitutes the naturallevel
for coordination and supervision over thepreparation of the
management plan which should, of course, givedue consider-
ation to essential Federal requirements.Many states are
subject to intense pressures from the county andmunicipal
levels because management directly affectslocal responsibi-
lities and interests.On the other hand, local knowledgeis
frequently necessary to reach rational managementdecisions
304at the State level and is also essential to reflectthe
interests of local governments in accommodatingcompetitive
needs.In Oregon, the State and local governments have
entered into a partnership to developand implement a
coastal management process, with primaryresponsibility
resting with local government.While this is no simple
matter, we are fortunate in thatwe do not have the tre-
mendous population pressures of centraland southern Cali-
fornia or the eastern seaboard.Unlike many states which
are preparing coastal zone management plans primarilyat
state level, Oregon is fortunate to havea coastal planning
program, the initiative for which is coming primarilyfrom
the local level.This bodes well for future implementation
of any resultant management plan.
4.WHAT TYPE OF AGENCY SHOULD BE ESTABLISHED
TO MANAGE THE COASTAL AND ESTUARINE AREAS?
Consideration is being given insome coastal states
to the establishment of a State CoastalZone Authority to
coordinate plans and uses of coastalwaters, including es-
tuaries, and adjacent lands andto regulate and develop those
areas.Such an authority would drawupon all available know-
ledge of the physical, biologicaland economic characteristics
of a state's coast and estuaries.As the magnitude of coastal
problems varies from state tostate, so would the powers as-
signed to the Coastal Zone Authoritybe determined.In certain
305relatively undeveloped areas, only planning would be required,
but in other areas the full range of State powers might be
needed to preserve resources of statewide and national signi-
ficance, including:
a. The development of comprehensive plansfor the
coastal and estuarine waters and adjacent lands,
and the conduct of necessary studies and investi-
gations.
b. The zoning and granting of easements, licenses or
permits and the exercise of other necessary con-
trols for insuring that the use of waters and
adjacent lands is in conformance with the plan
for that area.
c. Acquisition of lands whenpublic ownership is
necessary to control their use.
d. The provision of such public facilities as
beaches, marinas, and other waterfront develop-
ments, and the leasing of lands in its juris-
diction, including offshore lands.
While Oregon has not yet felt the need forestablishment
of a Coastal Zone Authority, the coastalcounties, in coordina-
tion with the State, have embarked upon a CoastalProgram.
The Program's primary working elements arefour area coordina-
ting committees - Clatsop/TillamookIntergovernmental Council,
Lincoln County Subdistrict Number 4, aspecial committee repre-
306senting the coastal portions of Lane andDouglas Counties,
and the Coos/Curry Councils of Governments.These groups
are charged with developing and implementing comprehensive
plans for Lheir respectiveareas which, in total, will form
the nucleus of a coastwide plan.The program's Oregon
Coastal Conservation and Development Committee,composed of
six representatives from each of thefour areas and two re-
presentatives of the Governor's office, willbe responsible
for developing coastwide planning policies,procedures, and
standards in concert with the Program'sarea coordinating
committees and for integrating thearea plans.The Committee's
goal provides for the preparation,encouragement and mainten-
ance of a comprehensive, coordinated Coastal Program forthe
orderly long-range conservation and developmentof marine
and coastal resources which will insuretheir wise multiple-
use in the total public interest.The establishment of this
Committee represents a pioneering effortamong the coastal
states of the Nation, and there isno doubt that its future
actions will be closely watched by otherstates as guidance
in the resolution of theirown coastal management problems.
5.WHAT IS THE FEDERAL ROLE IN COASTAL
MANAGEMENT?
Since several Federal agenciesoperate in coastal
waters and as their operations sometimesprofoundly affect
their use, it is only reasonable toexpect that the Federal
307government will have a strong interest in the effective
management of a State's coastal waters.Further, such vital
interests as navigation and military security should not be
endangered by State or local action.Hence, it is essential
that the Federal government insure that the general national
interest in effective coastal planning is protected.Federal
review is possible at a number of stages, such as when a State
first proposes a particular type of management authority,
when the comprehensive coastal plan is developed and when
Federal grants are proposed.However, in view of the multi-
plicity of Federal interests, Federal responsibilities for
dealing with State and local authorities should be centralized
to insure that the Federal government speaks with a single voice
on coastal zone matters.In connection with Oregon's Coastal
Pr3gram, the Federal interests are being coordinated through
the Pacific Northwest River Basin's Commission, and as of this
date, the Federal agencies have expressed their desire to re-
main in an advisory capacity, which will probably take the
form of a technical advisory task force on subcommittee.
6.WHAT INFORMATION IS NEEDED FOR DEVELOPMENT
OF AN EFFECTIVE MANAGEMENT PLAN?
A challenge to a State's capacity for effective planning
and management is presented by the coastal zone's many uses
which occur within a complex and delicately balanced bio-
physical system.To develop an adequate basis for decision-
308making in this zone, there is need for broadsurveys to es-
tablish basic inventory information, for continuousand de-
tailed studies of specific local conditions andfor trained
personnel.Acquisition of accurate information relative to
the physical, economic and biological characteristicsand
potentials of the coastal zone isa first step toward more
rational management.A concentrated, comprehensive effort
to survey coastal zone resources will gather much needed
basic data.However, this survey will not meet the needs
for detailed, specific understanding of localopportunities
and problems.The meeting of these needs will require systems
for continuous monitoring of coastalzone phenomena as well as
vigorous support for basic and applied research inlocal areas.
It is not easy to understand the complex and oftensubtle bio-
logical and physical relationships and interactionsin the
coastal zone.Although the understanding of these phenomena
has improved markedly during the past 20years, the accel-
lerated pace of man's activities has increased boththe com-
plexity of the coastal zone system and theurgency for greater
understanding.Continuously updated data are needed by State
and Federal fishery and pollution control agencieson water
quality, flow circulation, salinity and biologicalcontent;
and beach erosion and siltation must be monitoredso as to
detect changes before excessive damage is done.Monitoring
of such social and economic indicatorsas recreation usage
and fisheries production will also be requiredfor effective
309management of the coastal zone.Regretably, however, too
little attention has been given to the development of in-
strumentation for monitoring estuarine parameters and a
special effort to meet this need is required.With regard
to trained personnel, the existence of a strong research-
oriented university group should strengthen a Stat&s ad-
ministrative ability to formulate plans, to execute a ra-
tional policy, and to assist in the training and orientation
of management personnel.Successful coastal zone manage-
ment will also require increased capabilities within State
governments and improved understanding by the general public.
Problems of alternative uses generally involve value judg-
ments which should be reached by democratic processes.While
the expert can provide information regarding the consequences
0± alternative actions, he can seldom furnish the complete an-
swer.Thus, the officials responsible for action must be
sufficiently trained to understand the significance and the
limitations of the information available.
While many more questions may be raised on future manage-
ment policies, it is obvious that a management system for the
coastal zone provides only a framework within which proper de-
velopment may take place.The full potential of the coastal
zone will be realized only whenscience and technology are
coupled with imagination and sound management to makeexisting
uses more efficient and to develop newbeneficial uses.
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ABSTRACT
Institutional constraints, in the form of laws, statutes, regulations,
customs, and political jurisdictions, are a significant element of the
planning process that greatly influence the nature of management policies
and practices relative to any resource, including estuaries.Many insti-
tutional constraints that are now evolving in regards to estuaries and
shorelands recognize the need and provide for the development of shoreland
management policies that are compatible with the overall resources manage-
ment philosophy.This is essential in order to provide for necessary eco-
nomic growth and opportunities while maintaining desirable social and
environmental values.
312In order to fully understand the significance of institutional
constraints on resources development and management, whether it be
estuaries or any other natural resource, such constraints must be
viewed in their proper perspective relative to the total resources
planning process.
Let me begin, then, by briefly outlining the key components of
the planning process and their interrelationship.The figure on the
next page is a simplified version of the planning steps that are
considered essential today if resources management is to be truly
responsive to the needs and desires of the public.
The planning process begins with a determination of the nature
and extent of the resources that are available in the region under
consideration.This includes: the resource base such as natural, human,
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commodity lines; the many factors that identify physical, social,
economic, and environmental characteristics; and the different
institutional constraints such as laws, statutes, ordinances,
regulations, local customs, and the arrangements of political struc-
tures and jurisdictions.
It is unfortunate that available data seldom permits treatment
of these components on a comparable basis.Data on physical charac-
teristics far outweigh, both in quantity and reliability, data for
analysis of socio-economic characteristics.Although environmental
quality is now receiving considerable attention, the difficult tasks
of developing acceptable methodology for quantifying environmental
values and integrating environmental considerations into the resources
management process still remain.Institutional constraints have
received the least emphasis because the mission orientation of agencies
and the profit motivation of industry makes it difficult for them to
undertake analysis of this nature in a fully objective and comprehensive
manner.
Next in the planning process for resources management is an in-
depth analysis of the present use and control of the resources and
associated problems.The items listed for this step in the figure
on the preceding page are those of importance in the Pacific Northwest.
Each of these can be broken down into a number of components that require
consideration.For example, the heading "WATER" would encompass all
the beneficial uses recognized under Oregon law if the work was being
315done by a state agency, or all of the projectfunctions authorized
by Federal statutes if by a federal agency.
Of major importance in this step is the need totake cognizance
of the interrelationship between water, land, and air,particularly
where environmental quality is involved.In a like manner, surface
water, groundwater, and marine and estuarine watersshould be treated
together as parts of a total resource even thoughantiquated laws
pose an institutional constraint to such anapproach.
These steps --Inventorying the resources andanalyzing the present
use and control--provide thebasis for the third step; the development
of trends and projections of future needs and usesand determining
the adequacy of the resources to meet those needs.The number of
uncertainties begins to increase with this stepbecause of the difficulty
of predicting the future and because methods arelacking with which
to adequately Identify goals orquantify values.To respond to the
current demands of the public in ameaningful manner, we can no longer
go along with the practice ofrelegating items that are difficult to
evaluate to the "intangible" category.It has become necessary to
undertake the tough, down-to-earth effort thatwill provide the under-
standing to cope with the difficult aswell as the obvious.
The remaining steps in the planning processleading to the adoption
and implementation of actionprograms--identification and evaluation
of the consequences of alternative coursesof action--is where the
greatest improvement isrequired.Part of the problem stems fromthe
requirement to force-fit all componentsinto the "benefit-cost" mold
316with the result that new, unique, and imaginative approaches to resources
management are seldom evaluated and offered to society as alternatives
from which to choose.Consequently, adequate consideration is seldom
given to those societal factors that are unquantifiable in monetary
terms, yet those are the factors that the public often feels are of
major importance.
In addition, implementation requirements such as financing, legis-
lation, delegation of authority, and other needed changes in institutional
arrangements are not clearly identified in many cases.As a result,
many good planning studies are destined to collect dust on a shelf
because they do not include the intelligence of how to transform the
recommendations into action plans.
Finally, an important requirement for successful resources
management is involvement of the public on a continuous basis through-
out the planning process.While this too leaves much to be desired,
there are a few notable exceptions that demonstrate that the planning
process can be responsive to the needs and desires of the public.
And further, that desirable actions will receive public support if the
public has a part in identifying what is desirable.
From the foregoing discussion of the resources management planning
process, it is evident that consideration of institutional constraints
is an integral part that must be treated in an iterative fashion with
all other significant factors.It comes into play at the very start
in determining the nature and extent, and present and potential use
and control, of the resources of a region, including the estuaries.
317And it carries through the process to become important output in
the form of changes in institutional arrangements necessary to success-
fully implement the desired action plan for resources development and
management.At this point, institutional constraints are reflected
in the adoption and enforcement of resources management policies and
practices.
This paper has so far shown how resources planning would have an
effect on the growth ofy region.Specific reference was not made
to estuaries and the surrounding land because these areasshould not
be treated as separable parts of a region's resources if their manage-
ment is to be compatible with the overall resources managementphilosophy
established for the region.Rather, they should be treated as an integral
part of a composite planning process that givesadequate consideration
to all components of a region's resources and theirinteractive
characteristics--physical, economic, social, and environmental.It is
only in this way that a sound, long-range program canbe evolved that
will provide for necessary economic growth and opportunitieswhile
maintaining desirable social and environmental values.
Nevertheless, increasing attention is being paid to estuaries
and coastal lands and, more recently, to allshorelands including
those inland adjacent to freshwater.Part of this impetus comes from
the growing demand for "quality living in aquality environment" with
emphasis at one extreme on maintenance ofenvironmental quality at
all cost.This, coupled with a growing concern overthe small amount
of remaining shoreland accessible to thepublic and suitable for public
enjoyment, has prompted political action atall levels of government in
the form of legislation, both passedand proposed, to provide more
stringent management guidelines and qualitycontrols.
318Early identification of the situation now causing widespread
concern can be found in the reports of the Outdoor Recreation
Resources Review Commission (ORRRC).In reference to institutional
constraints, ORRRC has this to say:
(1)
"The institutional arrangements by which public agencies
order their affairs have a distinct bearing on the amount
and kind of services that are or can be offered.This
is nowhere more true than in the provision of shoreline
recreation opportunities.These arrangements, applied
to the physical and current use situation..., delimit the
recreation potential of the shoreline."
In describing deficiencies in institutional arrangements and
identifying needed changes, ORRRC comments:
"Increased recreation demands by the year 2000 will
require substantial increase in the amount of public
unrestricted shoreline, or much more efficient use of
currently available shorelines, or both. .. .under
present (1962) policies it is highly unlikely that
recreational demands will be satisfied... . To meet this
growing need most of this shoreline should be in public
ownership and it will have to be managed much more
efficiently than it is today.For not only will recreational
demands be intense - other demands for the shoreline, pre-
eminently those for transportational and industrial uses,
will also be large. .."
(1)Shoreline Recreation Resources of the United States,Study Report
4, Outdoor Recreation Resources Review Commission, 1962.
319And, finally, in its conclusions ORRRC once again calls attention
to the seriousness of the situation and the need for newinstitutional
arrangements, with these words:
"There is a crisis in shoreline outdoor recreation...
there is need for coordinated, planned action - based on
adequate information and upon clear statements of public
policy."
Creation of the Bureau of Outdoor Recreation and several pieces
of Federal legislation were the outgrowth of the work by ORRRC, but
this apparently did not overcome the problems relative to coastal
areas.Seven years later (1969) we find the Commission on Marine
Science, Engineering and Resources reporting many of the same findings
regarding institutional constraints.Of the many such references in
its report,
(2)a few selected examples are quoted below:
.some of the most urgent marine scienceproblems
are those of the coastal zone...Present institutional
arrangements do not provide for the necessaryfacilities
and institutions to attack these problems."
"More imaginative attempts are required to integrate
recreational projects with other uses of the coastal
zone such as conservation andindustrial uses."
And finally, in its conclusions the Commissionties together the
planning process and institutional constraintsin a manner that
substantiates the approach outlined at the startof this paper, with
these words:
(2)Science and Environment, Panel Reportsof the Commission on Marine
Science, Engineering and Resources, Volume1, 1969.
320"In making plans and decisionsto manage the coastal zone,
both land and water uses must be taken intoconsideration...
balanced management of our coastal envirorunentrequires
effective planning, regulation, acquisition, andenforcement,
consistently applied, to preserve and enhance both the
qualitative values and the economic interests found in the
coastal zone." (emphasis added)
From this has evolved recent federal legislationrelative to
seacoast management and estuaries.I will not say anymore about that
since that is the topic for Mr. Dillon'spaper which follows next.
The states have also been active in searchingfor better management
practices.To illustrate the nature of thinking in the PacificNorth-
west, we could examine the various versions of legislationfor shoreland
management that are under consideration in the State of Washington.
Initially, the emphasis was on seacoastmanagement, but has now been
broadened to include all shorelands.
The thrust of such legislation is illustrated bythe language
of two sections--Declaration of Policy, andPreparation of Comprehensive
Plans--in a version titled Shorelines ProtectionAct.Selected portions
of those sections are reproduced below:
"Declaration of Policy.The people of the state of Washington
hereby find:that the shorelines of this state area valuable
natural resource which is a public trust of all thecitizens of
the state; that haphazard developmenton the shorelines is
reducing open space available for public recreation andaesthetic
321enjoyment, diminishing public access topublic tidelands and
shorelands, obstructing the public andresidents' view of our
shorelines, increasing air, water and visualpollution that
threatens the public health, and destroyingmarine life and
aqua culture that producesfood necessary to the public's
health and well being; that the damagefrom haphazard development
has not and will not be met by theuncoordinated and inadequate
planning that has characterized the effortsof state agencies
and local governments.
The people therefore declare that itis the policy of this
state that Washington shorelinesbe protected and managed so
that to the greatest extent possiblenatural areas shall be
preserved and all development shallbe constructed so as to
maximize the public's right to enjoy anunpolluted environment,
access to public tidelandsand shorelands, views of thestate's
shorelines, adequate and healthy food resources,and open space.
To that end, the people herebyestablish a comprehensive
management system for theshorelines of the state ofWashington
that will coordinate theefforts of state and local governments
and preserve for future generations ourstate's most precious
and fragile resource.
Preparation of ComprehensivePlans...comprehensive plan shall
include the following elements:
(a)A conservation useelement for the preservationof
natural resources, includingbut not limited to scenicvistas,
water sheds, forests, soLs, fisheries,wildlife and minerals,
322and lands and waters giving aestheticenjoyment;
(b)A recreation use element for the preservationand
enlargement of recreational opportunities, includingbut not
limited to parks, beaches, and recreationaleasements;
(c)A water-oriented use element for the locationand
design of industries, tourist facilities,commerce and other
development that must be locatednear water;
(d)Any other element which is necessaryto accomplish
the policies and goals set out under Declaration of Policy.It
Institutional constraints on growth in andnear estuaries is
viewed somewhat differently at the locallevel.Let's take Grays
Harbor as an example.Here the major constraint is in the form of
water quality standards.The County is desperately searching fora
means of improving economic conditions which have been ina state
of decline for more than 20years.Quality standards set by the
Department of Ecology for the harbor willnot allow for industrial
expansion since the existing pulp andpaper mills are presently
discharging wastes into the harbor thatare at or near the allowable
limits.A further complication is in the offing in that theCity of
Aberdeen is committed to pay for M&I waterto be stored in Wynooche
Reservoir, now under construction, but cannot finda major water user
to sell to because the quality standards constraint wouldprohibit
any significant increase in effluents, treated or otherwise, that
would eventually discharge into theestuary.
There are several potential solutionsto the economic problems
of Grays Harbor County.These require looking at the County's total
323resources, not just the estuary region, with the objective of
developing a resources implementation plan that encourages sound
economic growth through controlled and integrated development of
resources unique to the area while maintaining desired social and
environmental values.
It is encouraging to be able to conclude that many of the
institutional constraints that are now evolving in regards to estuaries
and shorelands recognize that there could be detrimental long-range
effects if shoreland management is not compatible with the overall
resources management philosophy.And that the only way to insure
compatibility is to develop shoreland management policies in concert
with the development of policies for the entire region.
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Science and Engineering Development
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ABSTRACT
The National Land Use Policy, with emphasison the coastal zone; waste
disposal at sea; oil pollution ofour beaches and estuaries; necessary power
requirements for our people; coastalzone construction; land requirements
met by filling of wetlands, marshes, and other marineareas; contamination
of our fishery products; recreation.
Also discussion of need for the knowledgeand equipment required to
insure that this valuable environment is developedso that its use is
properly allocated.There are many, varied and often conflictinguses of
the marine environment.Careful analysis must be made of questionsof
suitability of the site, whether landor water, the priority of various
public needs,' and the cost/benefitor return on investment.Thus, not
only are the uses of the coastalzone conflicting but even the standards
by which we determine use are conflicting.
325The Value and Problems of the Coastal Zone
This conference on the estuaries of the Pacific Northwest is most
important.The problems of the coastal zone are well known to the par-
ticipants of this meeting and especially to my fellowOregonians.However,
it may be appropriate to summarize briefly the impact atthis point.
The thirty coastal and Great Lakes States contain morethan 75 percent
of our population; eighteen of our twenty-one millionincrease in population
during the past ten years are coastal state residents; and morethan 86
million Americans live in U.S. coastal counties.Ninety percent of the
harvest of our domestic commercial fisheries isassociated with the con-
tinental shelf environment during some or all of the resourcelife cycle.
The recovery of ocean minerals--including thebillion-dollar per year
326offshore oil industry--is concentratedthere.The coastal zone has been
the scene of an intense and diversifiedindustrial development, which in-
cludes $40 billion in annual maritimetrade. eyond its economic signifi-
cance, the coastline has become a prime recreational refugenot only for
the area's ballooning population, butalso for inland residents as well;
thirty million turn annuallyto the sea to swim, eleven million to fish,
and 44 million to boat.
The increased use of this limited geographicalarea has accentuated
the adverse impact of our societyupon it.Perhaps even more far-reaching
than the relatively well-know pollutantssuch as sewage, chemicals,
and mud, are the new potentialthreats which our technology is raising.
Off shore oil terminals and airports,nuclear power plants, undersea mining,
and other innovations which didnot exist a generation ago must now be
reckoned with.
The coastal zone has several characteristicswhich make it particularly
susceptible to pollution.It is, in most cases, the end of the line.A
river will renew itself;stop pollution, and the natural flow will ina
relatively short time cleanse thestream.On a longer time-scale, and to
a more limited extent, lakes may revert to theirnormal evolution.The
inland waters, and in thecase of materials which do not quickly degrade
in sea water, they may remainto cause damage for unknown lengths oftime.
I would like to re-emphasizethe point that our 1970census discovered
that 18 of the 21 million increasein population since 1960 occurredin
coastal states.
327As a result of these problems it is importantthat not only goveTnments
at all levels, but industry, theuniversities and other private citizens
must act on these problems and act now.
What This Paper Sets Out To Do
This paper briefly addresses, in line with yourinterests, those recent
Federal actions concerning the following subjects:
The National Land Use Policy, with emphasis on thecoastal zone;
Waste disposal at sea;
Oil pollution of our beaches and estuaries;
Necessary power requirements for our people;
Coastal zone construction;
Land requirements met by filling of wetlands, marshesand other
marine areas;
Contamination of our fishery products;
Recreation.
Following the discussion of these points, this paperdiscusses the
need for the knowledge and equipment required toinsure that this valuable
environment is developed so that its use is properlyallocated.There
are many, varied and often conflicting usesof the marine environment.
Careful analysis must be made of questions ofsuitability of the site,
whether land or water, the priority of variouspublic needs, and the
cost/benefit ratio or return on investment.Thus, not only are the uses
of the coastal zone conflicting but even thestandards by which we deter-
mine use are conflicting.
328National Land Use Policy
Noting the need for reform of the institutionalframework in which
land use decisions are made, the President in hismessage on the Fnviron-
ment of February 8, 1971, stated:"I propose legislation to establisha
National Land Use Policy which willencourage the States, in cooperation
with local government, to plan for andregulate major developments affect-
ing growth and the use of criticalland areas.This should be done by
establishing methods for protecting lands ofcritical environmental concern,
methods for controlling large-scale development,and improving use of
lands around key facilities andnew communities."The proposed policy
will replace and expandon the proposal submitted to the last Congresson
coastal zone management--while still givingpriority attention to the
coastal area with the broader framework ofnational land use.
It should be emphasized that thisprogram places a high priority on
the role of the States and theirGovernors.For example, State land use
programs would include methods for inventorying,designating and exercising
control over the use of land withinareas of critical environmental concern
or areas impacted by key facilities,as well as methods for controlling
large-scale development and methods for assuringthat local laws and reg-
ulations do not restrict developmentor conservation of regional benefit,
and for controlling landuse around new communities.
I would like to quote the Chairman ofthe Council onnyironmenta1
Quality on this point:
329"We have identified the fact that most land use
decisions today are made by local governments,
towns and counties, and yet the impact of those
decisions in many cases environmentally goes
far beyond the confines of that particular
political entity.
"So what we are trying to do here is to strengthen
the role of the States in controlling these critical
land use decisions."
Many have contended that Government at many levels has become unwork-
able.The proposed program is designed to assure that the State govern-
ments will have a significant role to play which will bothbenefit the
citizens of the State and help strengthen State governments.In addition,
the act will require Federal projects and programs to be consistentwith
the State plan.
It is important to note that decisions regarding proper land use
policy will require science and environmental monitoring toinsure the
proper decisions are made.Furthermore, new technology is needed to
economically restore and maintain our coastal environment, andalso new
technology has created many problems for coastal areas.
Waste Disposal at Sea
During the past year we have seen a heightened interestin the problems
of disposing of waste at sea.There have been studies by the Council on
nvironmental Quality, the National Academy ofSciences, and by the
330Massachusetts Institute of Technology--the latter under contractwith
the National Council on Marine Resources and EngineeringDevelopment.
it is interesting to note that the study by the MIT indicatedthat for
some large metropolitan areas bordering the ocean, disposal of wasteon
land sites was economically competitive with disposalat sea.If these
land sites are properly selected, the dangerto the ecology could be less.
However, objections to major metropolitanareas dumping their wastes at
inland sites has not gone too well with the local citizens.For example,
The State of Vermont has prohibited such disposal for theCity of New
York--so have many upstate counties in New York, andNew York City has
therefore a very grave problem.Recycling is costly and incineration is
both costly and would lead to greater air pollution.
Legislation has been proposed to the 92nd Session ofCongress to im-
plement an ocean dumping policy.The legislation provides for a national
policy banning unregulated ocean dumping of all materialsand placing strict
limits on ocean disposal of any materials harmfulto the environment, and
requires that a permit be granted by the Administratorof EPA for any
materials to be dumped into the oceans, estuaries,or Great Lakes.Further,
it authorizes the Administrator to ban dumping ofwates which are dangerous
to the marine ecosystem, and permits the Administratorto begin phasing
out ocean dumping of harmful materials.
In passing, I should mention that the entire world communitymay be
affected by waste disposal at sea.Over 100 nations now front the oceans
and seas of the world.On the other hand, many more densely populated
331nations, such as england,do not have all the opportunities we have to
dispose of their wastesinland rather than at sea.The problem is bound
to become more conlex.
Oil Pollution
Probably no dramatic pollution"event" has occupied publicattention,
in recent years, more than themassive oil spills that we andother nations
have experienced as a resultof tanker and offshore oil wellaccidents.
The United States Governmenthas passed legislation and developed anational
contingency plan to prevent, controland mitigate such oil spills.For
example, the Water Qualtiy Actrecognizes that the responsibilityfor
cleaning up spills of oil or othermaterial which threatens theenvironment
rests with the polluter.In those instances where theresponsibility
cannot be immediatelyassigned or the polluter cannothandle cleanup prop-
erly, the National Oil SpillContingency Plan provides foraction to be
taken by the responsible Federalagencies.National strike forces are
being set up in various locationsby the Coast Guard, to assist uponrequest.
Local strike forces and emergencygroups of trainedpersonnel at major ports
are also beingformed.The plan establishesguidelines for the use of
chemicals that may be used incleanup operations.
In addition, the UnitedStates has worked with NATOnations in developing
plans for control of oilspills and for setting standardsregarding the
practices utilized in transportingoil at sea.Similarly, the Intergovern-
mental Maritime ConsultativeOrganization is considering measuresfor the
world shipping community.These proposals look forward to newpractices
332such as expansion and improvement of port reception facilities for oily
waste, clean ballast systems, and navigational aids, and control. In
addition to these special liability provisions are currently under consid-
eration regarding spillage of oil at sea.
The United States now has available a $20.5 million revolving fund
to assist in cleanup if the polluter does not respond fast enough and
which, or course, he will be required to reimburse.
Power Requirements
The need for electric power is very well known here in the Northwest
where the great hydroelectric power dams have been constructed.But now
all parts of the Nation are experiencing problems in providing enough
power as the American consumer buys more and more electric equipment.
The presence and possibility of more brownouts and blackouts could easily
move public opinion to ignore the need for necessary environmental studies
as these plants are constructed.We must have both.At this point, I
would like to paraphrase remarks made in the fact sheet accompanying the
President's environmental message regarding future power plant siting.
1.Electric utilities will be required to submit to
State or regional agencies, established to balance
power and environmental needs, plans providing
10-year projections of power and facilities require-
ments.
3332.The State or regional agency will provide pre-
liminary clearance of proposed power plant
sites and transmission line routes five years
prior to commencement of construction, and
certification of specific sites, facilities and
routes two years in advance, with publichearings
at both stages.
In many of these controversises, the differenceof opinion as to
environmental effects are quite profound.Somebody must pay for the
research to make proper decisions.At this point, I would like to em-
phasize that the research required for many of theactivities that have
been required is not solely the responsibilityof the Federal Government.
In fact, in many cases it should be the responsibilityof others.In-
dustry, States and local comniunitites must beconcerned with providing
adequate environmental information where needed.
Coastal Zone Construction
The National Environmental Policy Act of 1969requires that any pro-
posal for legislation or major action significantlyaffecting the quality
of the human environment be preceded by a statement onthe environmental
effects, the relationship of the short-term usesof the environment to
long-term productivity, and possible alternatives.
Of considerable significance have been several recentadministrative
and judicial actions during the past year,which integrate environmental
considerations into existing regulatory processes.The original laws
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were concerned primarily with the interests of navigation.More recently,
under the Fish and Wildlife Coordination Act, the considerations were
broadened to include the effects of proposed work on fish and wildlife.
Action by the Corps of Engineers to deny a work permit solely on the
grounds of adverse effects on fish and wildlife resulted in a suit against
the Corps; on appeal, it was ruled for the first time by a court that the
Corps was entitled to consider ecological factors in the issuance of permits
for construction or other activities in the navigable waters of the United
States.
Presently, permit regulations include requirements for specific eval-
uation of the effects of works not only on navigation but ecology, conser-
vation, pollution, esthetics, and indeed all factors relevant to the general
public interest.
Filling of Wetlands and Marshes
Related to the problems of coastal construction but one which poses
in many communities a very important and special problem is that valuable
property can easily be developed from a marsh into a place where beach
homes and even high-rise buildings can be constructed.We have had many
experiences recently on the East Coast where the developers have been able
to demonstrate that they could contribute to the economic wealth of an area
by filling in a marshland while those who are concerned with conservation
were unable to come forth with the type of evidence required for the
zoning authorities to turn down the application.One major benefit of the
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the hand of local officials.For it would enable States to insure that
proper land use planning and management had been developed prior to per-
mission for any such development.
When developers of such land have been able to demonstrate improved
profits and benefits to a community, there is much pressure to proceed,
particularly if the information on ecological damage is scant.However,
it is apparent that with filling in marshland and constructing houses,
highways, stores, power lines and all the other community facilities,
the development has become an irreversible act.In other words, delaying
the development might cause some discomfort but keeps open the options
for later development or preservation of the wetlands.If the lands are
developed now, the development is, for all practical purposes, irrever-
sible.Here again I would like to point out the necessity for a proper
amount of research to assist in the decision-making process and in this
connection, a proper amount of good economic research.
Development of new lands for beach homes, or coastal construction,
or engineering of other kinds is supported bycontentions that it enhances
local profits and payrolls.These arguments must be looked at skeptically.
Under the condition of a full employment economy, such investments merely
transfer available capital from one income producing area to another.
The funds could have been invested elsewhere with the same result.In
short, one community gains but either another loses or thepublic in general
loses,Of course, in this connection, a full employment economy is con-
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factors are considered, for the alleviation of local unemployment.
One of the significant reasons for the involvement of the States and
State Governors in the new land use policy is to insure that regional
interests as a whole are considered and not just the profits and payrolls
of one community.
Contamination of Fishery and Other Marine Food Products
Food from the sea is one of the bestsources of protein and much of
it is inexpensive.However, our Nation is not one that depends heavily
upon food from the sea for our protein.Nevertheless, it is still an
important part of our diet and certainlyone that helps maintain low
cholesterol levels.Yet only recently we have discovered insome species
of fish excess quantities of mercury.Mercury, if consumed extensively,
could contribute to a destruction of the nervous system.Of course, not
mmy of us are excessive consumers of such fish, but peoples inmany other
places are.
This is another example of environmentalconcern and one that requires
research and monitoring.From what little we now know, we are not always
certain as to the source of themercury, nor are we fully certain as to
the long-term effects of varying levels of consumption ofsuch fish.
Recreation
Increases in population, gross national product, median familyincome,
mobility, and leisure time over the last severalyears have combined to
make recreation one of the fastest-growinguses of the coastal zone.
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population distribution, indicatethat direct and indirect outlaysfor
marine recreation have a sizeableeconomic impact.Sport fishing, SCUBA
diving, and boating are particularlysignificant, because of the specialized
equipment that they require.The Census Bureau has estimatedthe total
nationwide recreational fishingexpenditures in 1965 at $3 billion.
The Boating Industry Associationestimates the number of U.S. boaters
in 1969 at about 44 million--8.5million recreational boats,7million out-
board motors, with over $3.2billion spent during the year forequipment
and services.
In its 1962 evaluation of theU.S. oceanic and Great Lakesshoreline,
the Outdoor Recreation ResourcesReview Conm'iission stated that only1,209
miles of the 17,000 miles ofcontiguous shoreline suitable forrecreation
were so used.Since 1961, 845 miles of recreationalshoreline have been
added by the creation of newNational Seashores and Lakeshores.The National
Shoreline Study, being prepared bythe Army Corps of engineersfor release
in late 1971, will providedetailed information about landownership and
use.
In 1970, the Bureau of OutdoorRecreation (BOR), Department ofthe
Interior, completed a survey ofthe recreational potentialof the Nation's
islands.
The Land and WaterConservation Fund, created in 1965,provides money
to expand national,State and local outdoorrecreation facilities.The
strain on its resources promptedthe Bureau of OutdoorRecreation, which
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an increase in the funding limit from $200 nii,llion to $300 milliona year,
and advance expenditure authority to permitagencies to contract for the
purchase of recreation land immediately afterauthorization.
Science and Fngineering Development
The discussion of each of these problems has indicatedvarying needs
for science and engineering development and marineservices.I would like
to summarize by pointing out thata great deal remains to be done if we
are to properly use our estuaries and shorelines.Your own Sea Grant
program has produced a paper on the estuaries of Oregon and thisreport
indicates problems of industrial, thernial and municipalpollution; potential
reduction in fisheries and shellfish, dangers from landfill and road
building, and damage from upstreamuses of waters that feed the estuary.
Unless those who are concerned can speak withan informed, accurate and
loud voice, these conditions will continue.
Another important subject for study involves geographicaland legal
studies to establish true boundariesor baselines--baselines between
State and State, State and Federal offshore lands,and national continental
shelves' demarkation from lands not under nationaljurisdiction.
Federal Funds for Marine Science
For our part, the Federal Government thisyear is devoting close to
$50 million fro marine science, technologyand service specifically re-
lated to development and conservation ofthe coastal zone.Related marine
science and technology funds for basicoceanographic research, environmental
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ing data centers; and fisheriesdevelopment will also contributegreatly.
I cannot give a preciseestimate of how much the $609million in the
Federal budget for marine scienceand technology will contributedirectly
and indirectly to these programs,but I think I can assure youthat the
present emphasis on civilianmarine programs is to focus moreand more
on inshore problems.
In addition to these funds,there are some coastal programsof the
Department of Defense arid otheragencies which have not beenincluded in
these figures although they areclosely related to marinescience and
technology.Many of these programs areresearch and development programs
with important spin-off values tothe marine sciences; others areaction
and regulatory programs ofFederal and non-Federal agencies,and private
activities related to coastalproblems.Examples of these activities
are:channel and harbor development,$148 million; beach erosion control,
hurricane protection, $22million; pilot dredging and spoildisposal, and
regulatory programs concerned withpollution, dumping and flushing,$8
million; recreational beaches andsmall craft harbor improvement,$16 million;
environmental observations andpredictions related to planning,design,
construction, operations, andmaintenance, $4 million; and generalpurpose
coastal engineering,including development of improveddredging technology,
$18 million.
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This should give some idea to you of the total Federal effort oriented
towards the problems being discussed at this seminar.Both the legislation
and funds provided in the budget are substantial and increasing.It is
our hope that other levels of government and industry will also see the
importance and as this seminar demonstrates, probablysee the importance
better than we have.
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1 would like to congratulate Oregon State University and the faculty
of the School of Civil Engineering for having conceived, organized and
presented this seminar.It has given so many answers to me that I have
been searching for, for a long time, just in one day; and I think that
many of us feel the same way.I want to express my gratitude to every-
body who did the work.
Now I want to make a suggestion, but before I do this, I want to
recite a newspaper story that was in our local Washington newspapersjust
a few days ago.It had happened that a plywood manufacturer had decided
to build a new plywood mill in Centralia.In the course of building this
mill he had to remove a small dam from a creek or a small riverthat was
passing through the area.He went to the Department of Natural Resources,
which apparently had jurisdiction over the place, andobtained permit to
remove the little timber dam.Then he went, since fish do pass through
the creek, to the Department of Fisheries or Game, I do notrecall which,
to obtain another permit to remove that dam; becausein the course of
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ceeded with those two permits to remove the dam.While he was doing so,
a man from the Department of Ecology happened to come by, and said hewas
silting up the stream and fined him $250.The mill-man got angry and said
he was not going to build his plywood mill if thiswas the way life works
in our place.He stopped the $400,000 construction project, and he fired
all of the men.Then he came to the legislature, and he said, ttLook, this
is what the Department of Ecology has been doing witha $15,000,000 budget,
now they are asking for thirty-three million and I am going to see that
they do not get it."
I am impartial in this case,I merely read the newspaper account and
I am not even sure the account was correct.But it does point to a problem.
Now days when I want todesign something that ison the waterfront, I have
to go to the Department of Fisheries to obtaina permit; I have to go to
the Department of Game, where likely I will haveto go to the community
planning and affairs agency to let them review how it will affectthe total
environment of the state.I probably will have to go to the Department
of Health; I will have to go to the Department ofEcology, and I most likely
will have to go to the Department of the Army Engineers.They all regulate
the same subject matter in the same generalway, in the same context, except
their regulation while 90% overlaps it spreadsout a little bit to the sides.
I still do not know what the regulative rulesare and what is right and
what is wrong.Now before I start doing something my client expectsme
to be a professional and a knowledgeable man, and will accordinglylisten
to my advice.The first thing I tell him, I must tell him I donot know.
I truly do not know.
Now what I would like to suggest to Oregon State University isto
repeat this conference exactly as presented, exactlyas thought and done,
but next time to invite, not the legalmen, but the department heads and
the department directors from all of thesedepartments, the key legislators
plus the engineers and scientistsonce again.This I most sincerely
wish you will follow.
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